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ABSTRACT
Dual-Axis Acousto-Optic/Electro-Optic Deflectors in Lithium Niobate for
Full-Parallax Holographic Video Displays
Mitchell Robert Adams
Department of Electrical and Computer Engineering, BYU
Master of Science
A major limitation of acousto-optic (AO) leaky-mode modulator based holographic displays
is their inability to present full-parallax. We propose that full-parallax capabilities can be bestowed
on these displays by integrating an electro-optic (EO) phased array into the architecture. We
validated this concept by rendering computational models and by fabricating and testing a basic
two-axis AO/EO deflector prototype in lithium niobate. This was, to our knowledge, the first
instantiation of an integrated, hybrid AO/EO deflector. The prototype had a 6° deflection range
along the AO-axis, and a 3° deflection range along the EO-axis. A series of models provide us
with a clear path forward for optimizing this deflector. They suggest that an AO/EO modulator
with an EO deflection range of 24.5° and that requires less than 7.5 V can be fabricated within the
limitations of standard photolithography.

Keywords: acousto-optic, electro-optic, leaky-mode, optical phased array, deflector, modulator,
holographic video, dual-axis, full parallax, integrated optics, anisotropic, lithium niobate, proton
exchange

ACKNOWLEDGEMENTS
I would like to acknowledge my advisor, Dr. Daniel Smalley, for helping me get started on this
project—for believing in my ability to succeed, and for taking the time to teach and train me despite
how inexperienced I was at the time. I am also grateful for his constant mentorship throughout the
journey.
I thank the many wonderful faculty members at Brigham Young University who have taught,
inspired, and empowered me. I am grateful for their class lectures and for their individual
mentoring and concern for me.
I acknowledge the hard work of my fellow student researchers, particularly Caitlin Bingham
and Isaiah Clemmons. This project would not have turned out the same without them.
Finally, I acknowledge all of the help and encouragement I received from my family including
my parents (biological and in-law) and most especially my dear wife, Kathryn.

TABLE OF CONTENTS

ABSTRACT.............................................................................................................................. ii
TABLE OF CONTENTS......................................................................................................... iv
LIST OF TABLES ................................................................................................................... ix
LIST OF FIGURES .................................................................................................................. x
CHAPTER 1. Introduction ..................................................................................................... 1
1.1

Background .................................................................................................................. 1

1.2

Overview ...................................................................................................................... 1

1.3

Device Operation ......................................................................................................... 2

1.3.1

Acousto-Optic Deflectors for Horizontal-Parallax Displays .............................. 2

1.3.2

Acousto-Optic/Electro-Optic Deflectors for Full-Parallax Displays .................. 4

1.4

Related Work ............................................................................................................... 6

1.5

Project Overview.......................................................................................................... 8

CHAPTER 2. Analytical and Numerical Modeling............................................................... 9
2.1

Introduction .................................................................................................................. 9

2.2

Waveguide Analysis .................................................................................................... 9

2.2.1

Waveguide Modes and Dimensions.................................................................. 10

2.2.2

Effective Indices ............................................................................................... 12

2.2.3

Effects of Annealing and Diluting .................................................................... 13

2.3

Fraunhofer Diffraction Model .................................................................................... 15

2.3.1

Fraunhofer Diffraction Equation....................................................................... 16

2.3.2

Validity of Assumptions Inherit in the Fraunhofer Approximation ................. 16

2.3.3

Fraunhofer Diffraction Model Derivation ........................................................ 17

2.3.4

Fraunhoffer Diffraction Model Analysis .......................................................... 20

2.4

Numerical Diffraction Model..................................................................................... 31

2.5

Electro-Optic Deflection ............................................................................................ 33

iv

2.5.1
2.6

Deflection vs. Voltage ...................................................................................... 34

Integration into AOM................................................................................................. 36

2.6.1

Diffraction through the Lithium Niobate Bulk ................................................. 37

2.6.2

Refraction at the Lithium Niobate Edge ........................................................... 38

2.7

Summary .................................................................................................................... 41

CHAPTER 3. Subsystem Design ......................................................................................... 44
3.1

Waveguide Channels.................................................................................................. 44

3.1.1

Channel Waveguide Minimum Width Experiment .......................................... 45

3.1.2

Waveguide Diffusion Optimization Experiment .............................................. 46

3.1.3

Final Width and Future Work ........................................................................... 50

3.2

Waveguide Tapers...................................................................................................... 51

3.2.1

Parabolic Waveguide Tapers ............................................................................ 52

3.2.2

Linear Waveguide Tapers ................................................................................. 52

3.3

Y-Branches................................................................................................................. 55

3.3.1

Y-Branch Architectures .................................................................................... 56

3.3.2

Tests and Results............................................................................................... 57

3.4

Finalized Waveguide Structure .................................................................................. 59

3.5

Electrodes ................................................................................................................... 60

3.5.1

X-Cut Electrode Design .................................................................................... 61

3.5.2

Z-Cut Electrode Design .................................................................................... 62

3.5.3

Electrode Design for Multi-Channel Arrays ..................................................... 64

3.5.4

Lensing Electrode ............................................................................................. 69

CHAPTER 4. Single-Axis EOD Prototype.......................................................................... 71
4.1

TMZI Structure .......................................................................................................... 71

4.2

Device Parameters...................................................................................................... 72

4.3

Far Field Pattern ......................................................................................................... 73

4.4

Half-Wave Deflection Measurements ........................................................................ 76

4.5

Deflection as a Function of Voltage........................................................................... 77

v

CHAPTER 5. Dual-Axis AO/EO Deflector Prototype ........................................................ 79
5.1

Device Structure and Operation ................................................................................. 79

5.2

Results ........................................................................................................................ 80

5.2.1

Deflection Images ............................................................................................. 81

5.2.2

Horizontal (AO) Deflection Angle ................................................................... 82

5.2.3

Vertical (EO) Deflection Angle ........................................................................ 83

CHAPTER 6. Optimizations ................................................................................................ 84
6.1

Optimization Overview .............................................................................................. 84

6.2

Increase the Number of Channels in an Array ........................................................... 86

6.2.1

Past Work .......................................................................................................... 86

6.2.2

Multi-Mode Interferometer ............................................................................... 88

6.2.3

Other Multiplexing Solutions ........................................................................... 89

6.3

Decrease the Waveguide Channel Separation Distance............................................. 90

6.4

Fabricate Narrower Waveguides ................................................................................ 90

6.4.1

Diffusion Methods ............................................................................................ 91

6.4.2

LNOI ................................................................................................................. 92

6.5

Improve the Electro-Optic Effect ............................................................................... 92

6.5.1

Electrode Optimization ..................................................................................... 92

6.5.2

Electro-Optic Efficiency ................................................................................... 92

6.5.3

Electro-Optic Accuracy .................................................................................... 93

CHAPTER 7. Conclusion .................................................................................................... 95
References ............................................................................................................................... 97
Appendix A.

Lumerical Script For Simulated Waveguides........................................... 105

Appendix B.

Matlab Script for Simulated EO Deflection ............................................. 110

Appendix C.

Lumerical Script for Simulated EO Deflection ........................................ 115

Appendix D.

Fabricating and Testing AO/EO Deflectors ............................................. 119

D.1

Introduction ............................................................................................................. 119

vi

D.2

Waveguide Fabrication Procedure .......................................................................... 119

D.3

Waveguide Testing Procedure ................................................................................ 121

D.4

Electrode Fabrication Procedure ............................................................................. 123

Appendix E.

Fabrication/Testing with Thin Lithium Niobate ....................................... 124

E.1

Introduction ............................................................................................................. 124

E.2

Materials ................................................................................................................. 124

E.3

Handling Thin Substrates ........................................................................................ 125

E.4

Appending and Removing Substrates to and From a Silicon Wafer ...................... 125

E.4.1

Adhesion Methods .......................................................................................... 126

E.4.2

Gel-Film Adhesion Process ............................................................................ 127

E.4.3

Gel-Film Removal Process ............................................................................. 128

E.5

Photolithography ..................................................................................................... 129

E.6

Proton Exchange ..................................................................................................... 130

E.7

Bonding to a Support Material................................................................................ 131

E.8

Polishing ................................................................................................................. 132

E.9

Testing and Results ................................................................................................. 132

E.10

Electrode ............................................................................................................. 134

E.11

Conclusion .......................................................................................................... 134

Appendix F.

Empirical Loss Test For Z-Cut Litihum Niobate ...................................... 136

F.1

Introduction ............................................................................................................. 136

F.2

Methods................................................................................................................... 138

F.2.1

Fabrication ....................................................................................................... 138

F.2.2

Measurements .................................................................................................. 140

F.3

Results ..................................................................................................................... 143

F.3.1

Refractive Index and Diffusion Coefficients ................................................... 143

F.3.2

Loss Measurements ......................................................................................... 144
vii

F.3.3
F.4

Photographs of Device Edges .......................................................................... 145

Analysis................................................................................................................... 147

F.4.1

Loss Measurements ......................................................................................... 147

F.4.2

Pictures of Device Edges ................................................................................. 149

F.5

Sources of Error ...................................................................................................... 150

F.5.1

Insufficient Measurement Data ....................................................................... 150

F.5.2

Dissolving Aluminum...................................................................................... 150

F.5.3

Error in Index and Depth Measurements ......................................................... 151

F.5.4

Inconsistent Variables...................................................................................... 153

F.5.5

Repeatability Test ............................................................................................ 154

F.6

Conclusion .............................................................................................................. 155

F.7

Supplementary Information .................................................................................... 155

F.7.1

Quality of Waveguides .................................................................................... 155

F.7.2

Image Processing Code ................................................................................... 156

viii

LIST OF TABLES
Table 2-1: Target Parameters for Optimized Deflectors........................................................................................ 41
Table 2-2: Summary of Equations and Target Outputs ......................................................................................... 42
Table 3-1: Photographs of the Illuminated Edge of Five Slab Waveguides Diffused Using Proton Exchange
Melts of Varying Lithium Dilutions ................................................................................................................ 48
Table 3-2: Summary of Waveguide Taper Efficiency ............................................................................................ 54
Table 3-3: Images of Illuminated Y-Branch Structures ......................................................................................... 58
Table 3-4: Summary of Waveguide Subsystem Parameters Used for Prototypes ............................................... 60
Table 4-1: Measured Dimensions for X-Cut TMZI Devices .................................................................................. 72
Table 6-1: Photos of the Back Edge, Photos of the Far Field Projection and Figures of the Modeled Far Field
Projection for Various Waveguide Array Structures .................................................................................... 87
Table F-1: Diffusion Parameters for Various Devices ...........................................................................................143
Table F-2: Photos of the Edge of the Various Slab Waveguide Devices, Illuminated ..........................................145
Table F-3: Photos of the Edge of the Various Channel Waveguide Devices, Illuminated ....................................146
Table F-4: Measured Width and Additional Notes on the Various Channel Waveguides.................................156

ix

LIST OF FIGURES
Figure 1-1: Single channel acousto-optic (or leaky-mode) light deflector ............................................................. 2
Figure 1-2: Surface-emitting AOD display ................................................................................................................ 3
Figure 1-3: EOD electrodes.........................................................................................................................................4
Figure 1-4: Surface-emitting AO/EO deflector display ............................................................................................ 5
Figure 1-5: 2D Integrated AO/AO deflector (Ref. [12], Fig. 2) ................................................................................ 7
Figure 2-1: The original FDE waveguide model .....................................................................................................10
Figure 2-2: Number of modes supported for x-cut and z-cut LiNbO3 waveguides of various widths. ............... 11
Figure 2-3: Modeled TE mode confined to a proton exchange waveguide in x-cut lithium niobate. ................. 11
Figure 2-4: Effective indices of the principal modes of LiNbO3 waveguides of varying widths. ........................ 12
Figure 2-5: a) Change in extraordinary refractive index (λ = 633 nm) during proton exchange ....................... 13
Figure 2-6: Number of modes for waveguides with extraordinary index contrasts of 0.12, 0.10, and 0.03 ....... 14
Figure 2-7: Effective indices for waveguides with varying extraordinary index contrasts ................................. 14
Figure 2-8: Mode profile of a single-mode lithium niobate waveguide, 0.03 extraordinary index contrast. ..... 15
Figure 2-9: Labeled representation of the edge of two adjacent waveguides ....................................................... 18
Figure 2-10: A cosine function enveloped by sinc function approximates the far field pattern ......................... 20
Figure 2-11: The cosine pattern can be deflected by changing the phase difference ........................................... 20
Figure 2-12: The far field pattern that results from a phase shift of π or -π ........................................................ 22
Figure 2-13: Graphical representation of Equation 2-12, showing the half-wave deflection angle .................... 23
Figure 2-14: As the width of the waveguides increases, the sinc envelope of the becomes narrower ................. 24
Figure 2-15: The waveguide width, w, cannot be any larger than the separation distance, d ............................. 25
Figure 2-16: Waveguide width tradeoff: .................................................................................................................26
Figure 2-17: The Rayleigh criterion .........................................................................................................................27
Figure 2-18: A two-channel deflector can only support two resolvable points. ................................................... 27
Figure 2-19: Far field patterns that would project from devices with a) 2, b) 4, c) 8, and d) 32 channels. ........ 28
Figure 2-20: Effect of multi-channel devices on the far field intensity pattern. ................................................... 29
Figure 2-21: Simulation model of two adjacent lithium niobate waveguides that diffract into free space. ....... 31
Figure 2-22: Far field patterns from numerical (left) and analytical (right) models ........................................... 32

x

Figure 2-23: Far field patterns from numerical (left) and analytical (right) models. .......................................... 33
Figure 2-24: Diffraction and refraction in an AO/EO deflector shown from the substrate top ......................... 37
Figure 2-25: Comparison of theoretical half-wave deflection angles for EODs and AO/EO deflectors ............ 41
Figure 2-26: Modeled far field projection of target EOD device ........................................................................... 43
Figure 3-1: Device used for waveguide width experiment ..................................................................................... 45
Figure 3-2: Diagram of lithium niobate slab waveguides used in this experiment .............................................. 48
Figure 3-3: Top surface of illuminated TMZI waveguide devices ......................................................................... 49
Figure 3-4: Polished edge of a TMZI device that was diffused in a 1.5% lithium diluted melt. ......................... 50
Figure 3-5: Demonstration of the benefit of waveguide tapers. ............................................................................. 51
Figure 3-6: The three parameters of a linear waveguide taper ............................................................................. 53
Figure 3-7: Photographs of illuminated waveguide tapers. ................................................................................... 55
Figure 3-8: Y-branch design with branching angle α ............................................................................................. 56
Figure 3-9: Electrodes on either side of an x-cut LiNbO3 waveguide ................................................................... 61
Figure 3-10: Electrode structure for x-cut TMZIs. Orange arrows indicate direction of electric field. ............ 62
Figure 3-11: Electrodes on the top and bottom of a z-cut LiNbO3 device for EO modulation ........................... 62
Figure 3-12: Electrodes on top and to the side of a z-cut LiNbO3 waveguide for EO modulation .................... 63
Figure 3-13: Transparent electrodes for z-cut electro-optic modulators .............................................................. 64
Figure 3-14: The staircase electrode structure ........................................................................................................ 66
Figure 3-15: The mirrored staircase electrode structure ....................................................................................... 67
Figure 3-16: An optical phased array with individually controlled channels....................................................... 68
Figure 3-17: Small staircase electrodes following individually controlled phase shifters ................................... 69
Figure 3-18: Example lensing electrode structure. .................................................................................................69
Figure 4-1: TMZI architecture .................................................................................................................................72
Figure 4-2: TMZI with labeled parameters.............................................................................................................73
Figure 4-3: Comparison of actual (left) and modeled (right) far field diffraction patterns ................................ 74
Figure 4-4: Comparison of actual far field patterns (left) with those from a model using gaussian .................. 75
Figure 4-5: Half-wave deflection angle as a function of waveguide separation distance ..................................... 76
Figure 4-6: Experimental and theoretical deflection angles for TMZI device ..................................................... 77

xi

Figure 5-1: Diagram of our initial AO/EO prototype ............................................................................................. 80
Figure 5-2: AO/EO deflector projected beam at four different horizontal and vertical positions. .................... 82
Figure 6-1: Flowchart of optimization tasks ...........................................................................................................85
Figure 6-2: Initial test of coupling an input beam directly into an array of waveguides..................................... 86
Figure 6-3: Simulated 1x4 MMI (Ref. [43], Fig. 22). .............................................................................................. 89
Figure 6-4: Two transmission curves for the same EOM measured 30 minutes apart ....................................... 94
Figure D-1: Fabrication process diagram for lithium niobate waveguides ........................................................ 119
Figure D-2: Proton exchange capsule .................................................................................................................... 120
Figure D-3: Setup used to couple light into the waveguides ................................................................................ 121
Figure D-4: Light streaming through a slab waveguide ....................................................................................... 121
Figure D-5: Far field interference pattern............................................................................................................. 122
Figure D-6: Closeup of edge of a) low-loss and b) high-loss waveguides ............................................................ 123
Figure E-1: Thin LiNbO3 substrate appended to recycled silicon wafer ............................................................ 128
Figure E-2: Loosening the edges of the gel from the wafer using tweezers ........................................................ 129
Figure E-3: Photos of the a) top surface, b) edge, and c) far field projection of an illuminated TMZI ........... 133
Figure F-1: Processed image of illuminated waveguide ....................................................................................... 141
Figure F-2: Loss per centimeter plotted from an image file along with a linear trend line. ............................. 142
Figure F-3: Loss associated with slab waveguides diffused at various temperatures and dilutions................. 144
Figure F-4: Loss associated with 5 µm wide channel waveguides ....................................................................... 145
Figure F-5: Aluminum face after proton exchange .............................................................................................. 151
Figure F-6: Index profile of a SPE waveguide ...................................................................................................... 152

xii

CHAPTER 1.

1.1

INTRODUCTION

Background
The high cost, fabrication complexity, and often bulky nature of spatial light modulators are a

few of the characteristics that have restrained the widespread distribution of quality holographic
video. An emerging technology that addresses many of the drawbacks of traditional SLMs is the
on-chip acousto-optic deflector (AOD) based holographic display. These displays are monolithic,
low cost, and simple to fabricate, requiring only two mask steps. They feature color multiplexing,
no backplane, a high bandwidth, and the capacity to filter out unwanted light [1].
However, a limitation to the AOD used for these displays is that they cannot effectively scan
along two orthogonal axes. This limits application to horizontal-parallax-only displays. Also, in
their current state a mirror galvanometer is needed to expand the viewing field along the vertical
direction, thus increasing cost and size.

1.2

Overview
This thesis describes the design, development, potential, and limitations of a new integrated

light deflector that is capable of scanning light along two axes with no moving parts, and that is
suitable for holographic video. This 2D deflector builds upon the 1D AOD that was used in the
holographic display from [1]. The waveguide channel that carries light is separated into an electrooptically driven phased array that deflects light perpendicular to the direction induced by the
acousto-optics. Thus, we refer to this device as an acousto-optic/electro-optic (AO/EO) deflector.
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This 2D deflector could be used in a wide range of applications. In this thesis we propose that
it is particularly optimal for full-parallax holographic video displays.

1.3

Device Operation
We will first summarize the structure and operation of the integrated AODs that drive the

holographic display described in [1]. We will then describe the modifications that will be made to
integrate the electro-optic deflector (EOD) into the architecture to enable dual-axis scanning. In
this thesis the AO scanning direction is designated as horizontal and the EO scanning direction is
designated as vertical.

1.3.1

Acousto-Optic Deflectors for Horizontal-Parallax Displays

Figure 1-1 illustrates a single channel AOD. The basis of the integrated AOD is an anisotropic
material (typically lithium niobate) on which a waveguide is diffused, and on which an interdigital
transducer (IDT) is deposited. The IDTs emit surface acoustic waves (SAWs) along the surface of
the waveguide from one end, and light is injected into the waveguide from the other end. When
the surface acoustic waves meet the propagating light, the light is ejected from the waveguide in
the form of a leaky-mode. (For this reason, these are also sometimes referred to as leaky-mode
modulators.)

Figure 1-1: Single channel acousto-optic
(or leaky-mode) light deflector

2

The angle at which the light diffracts from the waveguide can be modulated by changing the
frequency of the SAW signal. Not only can the light be steered, but it can also be horizontally
focused by rapidly pulsing SAWs of different frequencies (see Figure 1-2). By superimposing
many SAWs, entire holograms are formed—holograms that can be modulated in real time.
A major advantage of using an integrated modulator is that hundreds, or even thousands of
modulators can be stacked onto the same small device, enabling increased temporal resolution
through multiple lines being scanned simultaneously.

Figure 1-2: Surface-emitting AOD display with horizontal
scanning capabilities. Two superimposed rays allow for
horizontal accommodation.
Additional modifications may enhance the quality of the display. For example, to avoid the
limitations of an edge-emitting configuration, a grating can be integrated into the device that
redirects the light out the front [2] or back [3] surface of the substrate. An expanded field of view

3

may also be achieved through the use of diffractive orders from an internal grating [4] or by
curving the substrate [5].

1.3.2

Acousto-Optic/Electro-Optic Deflectors for Full-Parallax Displays

To add vertical scanning capabilities to the leaky-mode deflector, the waveguide channel of
the previously described deflector is divided into arrays of narrower subchannels (preferably
single-mode subchannels). By modulating the relative phase of the light across the various
subchannels, the subchannels act as a phased array that deflects the light vertically after it coincides
with the SAWs and diffracts out of the waveguides. The phase modulation is achieved via the
Pockels effect by inducing an electric field through the material from overlaying electrodes as
shown in Figure 1-3.

Figure 1-3: EOD electrodes. A variable voltage applied to overlaying
electrodes modulates the phase of light in the subchannels of an
AO/EO deflector. This causes the light to deflect by a given amount as
it diffracts out of the waveguide. These three figures illustrate
modulation that would result in a) upward deflection, b) no deflection,
and c) downward deflection. The grounding electrodes are not shown.
When integrated onto a single device, the AODs and EODs work together like two cylindrical
lenses with adjustable focal lengths. Just as pulsed SAW patterns are superimposed to generate
horizontal accommodation, phased array patterns can be superimposed to enable vertical
4

accommodation. Vertical accommodation might be brought to pass through rapid pulsing or
through additional electrodes that focus the light.
AODs and EODs are highly cooperative in that both effects can be optimized simultaneously.
For example, as the dimensions get smaller along one axis and longer along the other, both effects
should improve. Furthermore, the introduction of electro-optics should preserve most, if not all, of
the benefits that the traditional leaky-mode modulator holds over pixelated modulators. For
example, the modulation speed of an EOD can reach the excess of 100 GHz [6, 7], which suggests
that the electro-optics would be far from an impediment to the temporal bandwidth of the display.

Figure 1-4: Surface-emitting AO/EO deflector display with both
horizontal and vertical scanning capabilities. Two vertical deflection
orientations are shown here. The points of the two orientations at which
horizontal focus occurs could be brought together to produce vertical
focusing in addition to horizontal focusing.
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1.4

Related Work
We know of no other 2D deflector that incorporates both AO and EO to scan in two dimensions.

Here we contrast the currently existing 2D deflectors with the AO/EO deflector. We particularly
compare their ability to drive holographic displays.
Many 2D AO deflectors have been made from bulk crystals [8, 9, 10]. The original AODbased holographic video display was made using bulk crystals [11], and thus it could incorporate
these bulk 2D deflectors for full-parallax images. Reverting back to bulk crystals, however, is not
in our interest. Bulk AODs are larger, heavier, require more power to drive [12], and are more
expensive than integrated AODs. They also produce lower resolution video than what integrated
AODs are capable of: While an integrated AOD can simultaneously drive hundreds of channels
on a single substrate [1], a bulk AOD is much more limited by crosstalk. For example, the original
bulk AOD display only had three channels [11] as have more recent AODs reported in literature
[8]. Additional advantages of integrated crystal AODs are discussed in [1].
A 2D integrated (on-chip) AO deflector was introduced by Tsai, et al that positioned two
interdigital transducers perpendicular to one another [12] as shown in Figure 1-5. One
disadvantage of a multi-channel instantiation of this deflector, like we would want for a
holographic display, would be that fabrication complexity would increase since the laterally
propagating SAWs would need some sort of buffer to stop them from interfering with neighboring
channels. Another disadvantage of using this 2D AO/AO architecture for holographic displays
would be that the waveguides would need to be wide, even planar, since the AOD is only effective
with sufficient SAW interaction over the waveguides. This would limit the number of channels
that could fit on a substrate, thus limiting resolution. Furthermore, as the waveguide geometry

6

increases along one axis, it would reduce the SAW coverage and thus the AO effect along the other
axis.

Figure 1-5: 2D Integrated AO/AO deflector (Ref. [12], Fig. 2)
On the other hand, with an AO/EO architecture, deflection along the two dimensions is
optimized simultaneously as the waveguides are made longer along one axis and narrower along
the other axis.
Holographic displays have been proposed or demonstrated using an assortment of 2D phased
arrays (not necessarily electro-optic) [13, 14, 15]. While each of these displays has their own merits,
none that we have seen have yet proven an adequate field of view for visible light, nor have they
yet achieved a video state.
It seems like one of the large inhibitors of 2D phased arrays (including EO/EO phased arrays)
is the inability to bring channels sufficiently close together due to the necessity of additional
integrated elements such as outcoupling gratings. Even if this challenge were to be overcome,
many of the advantages of leaky-mode modulation would be lost, including frequency
multiplexing of colors and the ability to filter out noisy light with a polarizer [1].
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We claim that an AO/EO deflector is one optimal solution for a waveguide-based full-parallax
holographic display. While the AO/AO architecture requires waveguides that are wide for a lowprofile multi-channel display, and while the performance of a phased array EO/EO deflector is
limited by the size of necessary optical features to drive both axes, the AO and EO configurations
of the AO/EO deflector are simultaneously optimized as the dimensions become smaller along one
access and longer along the other.

1.5

Project Overview
As extensive work has already been done in the development of on-chip AODs for holographic

displays, the emphasis of this research project is in the development of on-chip EODs and then
integrating those EODs with the AODs.
In Chapter 2 we present a theoretical investigation of the capabilities of the electro-optic
portion of the device. We extract useful information from both analytical and numerical models to
predict the performance of the EOD.
Chapter 3 details the development of the optical and electro-optical subsystems that make up
the prototypes of Chapters 4 and 5. In Chapter 4 we write on the development, design, and results
of a single-axis EOD. In Chapter 5 we report on the integration of the EOD into the AOD structure,
which resulted in a successful two-axis AO/EO deflector.
Finally, in Chapter 6, we discuss the work we have done, and the work that remains to be done,
in optimizing the AO/EO deflector so it is viable for use in holographic displays.
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CHAPTER 2.

2.1

ANALYTICAL AND NUMERICAL MODELING

Introduction
In this section we present a theoretical investigation of the capabilities of the electro-optic

portion of the AO/EO deflector. These metrics were derived using both numerical and analytical
modeling. We first model the nature of our lithium niobate waveguides, including the number of
modes for a waveguide of a given width and also the effective indices of the various size
waveguides. We next model the diffraction pattern projected by a deflector of given parameters.
We analyze this model in order to derive useful relations that define the deflection angle, the
maximum deflection range, and the number of resolvable points. After this we model the electrooptic effect. We finally explore how these parameters would change in an AO/EO configuration.
We conclude by using the results of these models to determine target values for an optimized
device.

2.2

Waveguide Analysis
Dielectric waveguides are a fundamental element of the AO/EO deflector. A numerical

eigenmode solver was used to model waveguides of various sizes and refractive indices.
Specifically, the number of modes and the effective index of refraction for various waveguides are
modeled. These modeled results are used as target metrics for later physical implementations.
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2.2.1

Waveguide Modes and Dimensions

Narrow channel waveguides are advantageous for several reasons. One of these reasons is that
narrower waveguides support fewer modes. The ideal waveguide should consolidate as much light
as possible into the fundamental mode so that it can yield a strong, clean diffraction pattern in the
far field. In this section we model how narrow our waveguides need to be in order to achieve a
single-mode or at least a quasi-single-mode state.
We modeled a proton exchange lithium niobate channel waveguide diffused into a virgin
lithium niobate crystal (see Figure 2-1) using the Lumerical MODE Finite Difference Eigenmode
(FDE) software module. The refractive indices of the virgin crystal were based on the Sellmeier
coefficients measured by Zelmon, et al. [16]. The birefringent nature of the crystal was introduced
by assigning the ordinary refractive index to the x and y axes of the material, and the extraordinary
refractive index to the z axis. For the diffused waveguide portion of the model, extraordinary
refractive index was increased by 0.12 and the ordinary refractive index was decreased by 0.04 to
simulate proton exchange [17, 18]. The waveguide was modeled as a rectangular prism. Both xcut (y-propagating) and z-cut orientations were explored. A wavelength of 640 nm was used for
this and all simulations to match the laser used in our tests.

Figure 2-1: The original FDE waveguide
model consisted of a proton exchange
waveguide region in lithium niobate
A range of waveguides were modeled with varying widths. All were modeled with a 0.6 µm
depth. In each case, the number of modes confined to the waveguide was noted. Figure 2-2 shows
10

the results which apply to both x-cut and z-cut waveguides. X-cut waveguides supported TE modes
and z-cut waveguides supported TM modes.
Number of Modes for waveguides of varying widths
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Figure 2-2: Number of modes supported for x-cut
and z-cut LiNbO3 waveguides of various widths.
From this chart we observe that mode count increases linearly with waveguide width within
this range. As a rule of thumb based on this model, one additional mode is supported for each
additional 0.5 µm. For a waveguide to be single mode, it should be narrower than about 0.7 µm.
At about 0.25 µm the mode begins to lose its form.
Figure 2-3 shows the modeled fundamental TE mode of a single-mode x-cut waveguide.

0.6 µm
0.5 µm

Figure 2-3: Modeled TE mode confined to a
proton exchange waveguide in x-cut lithium
niobate. This 0.6x0.5 µm waveguide holds
only this fundamental mode
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2.2.2

Effective Indices

The FDE model was also used to determine the effective indices of refraction of the principal
modes for waveguides of various widths. Knowing the effective index of a given waveguide can
provide a general intuition of the nature of that waveguide. This information is also useful as an
input parameter for other models. For example, the effective index is used in Equation 2-14 for
calculating the theoretical phase shift of a waveguide.
Figure 2-4 shows the effective index of refraction as a function of waveguide width for both
x-cut and z-cut waveguides. We see that the effective indices are relatively small for narrow
waveguides and that they increase dramatically as the width increases until this rate of increase
levels off. We also observe that the effective index is smaller for z-cut waveguides than x-cut
waveguides. For this simulation the waveguide depth was kept constant at 0.6 µm. If the depth of
these waveguides were to be increased, the effective index would increase for any given width.

2.29
X-cut
Z-cut

2.285

2.28

2.275

Effective Index of Refraction

2.27

2.265

2.26

2.255

2.25

2.245
0

2

4

6

Waveguide width (

8

10

m)

Figure 2-4: Effective indices of the principal modes of
LiNbO3 waveguides of varying widths. Waveguide
depth is kept constant at 0.6 µm
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2.2.3

Effects of Annealing and Diluting

The results in Figures 2-2 and 2-4 are accurate for waveguides diffused in pure benzoic acid.
However, they do not incorporate the effects of post-annealing and diluting the acid melt, both of
which are incorporated during various stages of this project (see, for example, Sections 3.1.2 and
Appendices D through F).
The main effects of post-annealing and diluting are a lower change in refractive index and a
transition to a non-steplike index profile [17, 19, 20, 21, 22]. Figure 2-5 demonstrates these trends.
Figure 2-5a shows how the change in extraordinary refractive index decreases as an increased
percentage of lithium benzoate is added to dilute the benzoic acid melt. Figure 2-5b shows
examples of what the index profile might look like for waveguides that were 1) diffused in a highacid melt (< 2.6% lithium benzoate), 2) diffused in a low-acid melt (> 2.6% lithium benzoate), and
3) annealed after proton exchange.

a)

b)

Figure 2-5: a) Change in extraordinary refractive index (λ = 633
nm) during proton exchange as a function of lithium benzoate
concentration for z-cut waveguides fabricated at 300° C (Ref.
[23], Fig. 2). b) Typical extraordinary refractive index profiles
for high-acid proton exchange (PEI), low-acid proton exchange
(PEIII) and annealed proton exchange (APE) (Ref. [24], Fig. 3).
We incorporated some of these effects into our FDE model. To model higher dilution and
annealed waveguides, we set the increase in extraordinary refractive index of the waveguide
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region to be 0.10 (representing 1.5-2% dilution) and 0.03 (representing 3% dilution) rather than
0.12. Figures 2-6 and 2-7 show the number of modes and the effective indices of waveguides
diffused in a higher dilution melt compared to those diffused in pure benzoic acid.
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Figure 2-6: Number of modes for waveguides
with extraordinary index contrasts of 0.12, 0.10,
and 0.03 to simulate annealing and diluting.
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Figure 2-7: Effective indices for waveguides with
varying extraordinary index contrasts (0.12, 0.10,
and 0.03) to simulate annealing and diluting.
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A trend from Figure 2-6 is a less rapid increase in modes for smaller changes in extraordinary
index. This means that a single-mode SPE waveguide should be wider than a single mode PE
waveguide. Thus, fabricating single-mode SPE waveguides might be easier to achieve.
However, comparing the mode profile of the large contrast waveguide in Figure 2-3 with this
profile of a low contrast waveguide in Figure 2-8 demonstrates that a cost of a lower index
increase is lower confinement [25].

0.6 µm
1 µm

Figure 2-8: Mode profile of a
single-mode lithium niobate
waveguide, 0.03 extraordinary
index contrast.
A way in which fidelity of our APE and SPE waveguide models might be increased would be
to introduce a gaussian or exponentially decaying index profile, like is shown in Figure 2-5b
(APE and PEIII). We did not model anything but steplike index profiles for this project because
we investigated the effect of changing widths, and the index profiles predominately change with
depth. Nonetheless, it could still be a significant factor that we are neglecting.

2.3

Fraunhofer Diffraction Model
We next wish to model how light will diffract out from the waveguides. To model diffraction

from the waveguide array, we will first derive an analytical Fraunhofer diffraction model.
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2.3.1

Fraunhofer Diffraction Equation

The far field diffraction pattern in the x,y,z plane can be calculated using the Fraunhofer
diffraction equation. Given an incident monochromatic plane wave passing through an aperture in
the x’,y’ plane with wavelength λ, wavenumber k, and amplitude at the aperture r(x’,y’), the far
field diffraction pattern [26] is determined by:
𝐸𝐸(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) ∝ �

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑟𝑟(𝑥𝑥 ′ , 𝑦𝑦 ′ )𝑒𝑒 −𝑖𝑖

𝑘𝑘�𝑥𝑥 ′ 𝑥𝑥+𝑦𝑦 ′ 𝑦𝑦�
𝑧𝑧
𝑑𝑑𝑥𝑥 ′ 𝑑𝑑𝑦𝑦 ′

(2-1)

This relation can be solved by noting that this integral is the Fourier transform of the of the
aperture function r(x’,y’) evaluated at the following frequencies:
𝑥𝑥
𝜆𝜆𝜆𝜆
𝑦𝑦
𝑓𝑓𝑦𝑦 =
𝜆𝜆𝜆𝜆
𝑓𝑓𝑥𝑥 =

(2-2)
(2-3)

The aperture function used to model our phased array of waveguides will be an array of evenly
spaced rectangles, each with an assigned phase.

2.3.2

Validity of Assumptions Inherit in the Fraunhofer Approximation

One can confirm that the Fraunhofer model is valid for our application by recalling the
assumption that was made in the derivation of the Fraunhofer diffraction equation, namely,
𝑎𝑎2
≪1
𝜆𝜆𝜆𝜆

(2-4)

where a is the largest radial distance in the output aperture plane, λ is the wavelength of the light,
and z is the propagation distance [27]. In our case, a is the distance from the center of a waveguide
to the corner of that waveguide, λ consists of all the wavelengths in the visible light range (~380
nm being the smallest and most restricting value in this case), and z is the distance from where it
diffracts out of the waveguide to the eye. The most restricting scenario for z would be with a near-
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eye display where the propagation distance is no less than 1 cm. Given a wavelength of 380 nm
and a propagation distance of 1 cm, the largest radial distance, a, would need to be much smaller
than 61.6 µm for the Fraunhofer approximation to hold. In other words, the width of the
waveguides should be much less than about 120 µm, which is true for the waveguide structures
that were modeled and fabricated in this project.
The Fraunhofer equation also assumes a monochromatic plane wave as the incident source.
All of the work for this project was done with 640 nm laser light. For full-color displays, an
additional green and blue laser are integrated inti\o the architecture, and the same principles from
these chapters can be used to model them.

2.3.3

Fraunhofer Diffraction Model Derivation

The EOD consists of a series of evenly spaced waveguides from which phase controlled light
diffracts out. For the sake of this Fraunhofer diffraction model, each waveguide will be modeled
as a rectangular aperture.
The following aperture function represents the electric field at the edge of an arbitrary number
of adjacent waveguides that progressively shift in phase:
𝑁𝑁/2

𝑥𝑥 + 𝑑𝑑(𝑛𝑛 − 0.5)
𝑦𝑦
� rect � � 𝑒𝑒 −𝑖𝑖�−∆𝛷𝛷(𝑛𝑛−0.5)�
𝑤𝑤
ℎ

𝑟𝑟(𝑥𝑥, 𝑦𝑦) = � �rect �
𝑛𝑛=1

+ rect �

𝑥𝑥 − 𝑑𝑑(𝑛𝑛 − 0.5)
𝑦𝑦
� rect � � 𝑒𝑒 −𝑖𝑖�∆𝛷𝛷(𝑛𝑛−0.5)� �
𝑤𝑤
ℎ

(2-5)

where d is the lateral separation distance between the centers of the waveguides, w is the width of
the waveguides, h is the depth of the waveguides, N represents the number of waveguides in the
array (assumed to be even), and ΔΦ represents the phase difference between adjacent waveguides.
This phase difference is assumed to be equal for any two adjacent waveguides in the array. Figure
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2-9 illustrates some of these parameters. Note that the x-axis is oriented downwards in this image
to mimic the orientation assumed throughout this research for vertical deflection.

Figure 2-9: Labeled
representation of the edge of
two adjacent waveguides
The Fraunhofer far field pattern that is projected from the array of waveguides is found by
taking the Fourier transform of Equation 2-5:
𝑁𝑁/2

𝐸𝐸�𝑓𝑓𝑥𝑥 , 𝑓𝑓𝑦𝑦 � ∝ ��𝑤𝑤 sinc(𝑤𝑤𝑓𝑓𝑥𝑥 ) 𝑒𝑒 𝑖𝑖2𝜋𝜋𝑓𝑓𝑥𝑥 𝑑𝑑(𝑛𝑛−0.5) ℎ sinc�ℎ𝑓𝑓𝑦𝑦 �𝑒𝑒 −𝑖𝑖�−∆𝛷𝛷(𝑛𝑛−0.5)�
𝑛𝑛=1

+ 𝑤𝑤 sinc(𝑤𝑤𝑓𝑓𝑥𝑥 ) 𝑒𝑒 −𝑖𝑖2𝜋𝜋𝑓𝑓𝑥𝑥 𝑑𝑑(𝑛𝑛−0.5) ℎ sinc�ℎ𝑓𝑓𝑦𝑦 �𝑒𝑒 −𝑖𝑖�∆𝛷𝛷(𝑛𝑛−0.5)� �

where fx and fy are frequencies defined in Equations 2-2 and 2-3. This can be simplified to:
𝑁𝑁/2

𝐸𝐸�𝑓𝑓𝑥𝑥 , 𝑓𝑓𝑦𝑦 � ∝ sinc(𝑤𝑤𝑓𝑓𝑥𝑥 ) sinc�h𝑓𝑓𝑦𝑦 � ��𝑒𝑒 𝑖𝑖(𝑛𝑛−0.5)(2𝜋𝜋𝜋𝜋𝑓𝑓𝑥𝑥 +∆𝛷𝛷) + 𝑒𝑒 −𝑖𝑖(𝑛𝑛−0.5)(2𝜋𝜋𝜋𝜋𝑓𝑓𝑥𝑥 +∆𝛷𝛷) �
𝑛𝑛=1

We might then convert this relation into cosine form:
𝑁𝑁/2

𝐸𝐸�𝑓𝑓𝑥𝑥 , 𝑓𝑓𝑦𝑦 � ∝ sinc(𝑤𝑤𝑓𝑓𝑥𝑥 ) sinc�h𝑓𝑓𝑦𝑦 � � cos�(𝑛𝑛 − 0.5)(2𝜋𝜋𝜋𝜋𝑓𝑓𝑥𝑥 + ∆𝛷𝛷)�
𝑛𝑛=1
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(2-6)

The intensity profile is found by squaring the absolute value of the field profile:
𝑁𝑁/2

𝐼𝐼�𝑓𝑓𝑥𝑥 , 𝑓𝑓𝑦𝑦 � ∝ �sinc(𝑤𝑤𝑓𝑓𝑥𝑥 ) sinc�h𝑓𝑓𝑦𝑦 � � cos�(𝑛𝑛 − 0.5)(2𝜋𝜋𝜋𝜋𝑓𝑓𝑥𝑥 + ∆𝛷𝛷)��

2

𝑛𝑛=1

Alternative Gaussian-Source Solution

(2-7)

These modeled far field patterns are compared with real far field patterns in Section 4.3. In that
section we also suggest an alternative model that may be a more accurate representation. It is based
off of a gaussian profile rather than a rectangular profile to model the light at the edge of the
waveguides. This alternative model represents the waveguide edges by the following relation:
𝑁𝑁/2

𝑟𝑟(𝑥𝑥, 𝑦𝑦) = ��𝑒𝑒 −4π
𝑛𝑛=1

+ 𝑒𝑒

2 𝐾𝐾 𝑦𝑦 2
𝑦𝑦

𝑒𝑒 −4π

2 𝐾𝐾 (𝑑𝑑(𝑛𝑛−0.5)−𝑥𝑥)2
𝑥𝑥

𝑒𝑒 −𝑖𝑖�−∆𝛷𝛷(𝑛𝑛−0.5)�

−4π2 𝐾𝐾𝑦𝑦 𝑦𝑦 2 −4π2 𝐾𝐾𝑥𝑥 (𝑑𝑑(𝑛𝑛−0.5)+𝑥𝑥)2 −𝑖𝑖�∆𝛷𝛷(𝑛𝑛−0.5)�

𝑒𝑒

𝑒𝑒

�

(2-8)

where Kx determines the width of the gaussian, and should thus be a function of w, and where Ky
determines the height of the gaussian and should be a function of h along with other parameters
such as anneal time and dilution. For our model, we assigned Kx to be
Equation 2-8 transforms into:
𝑁𝑁/2

𝐸𝐸�𝑓𝑓𝑥𝑥 , 𝑓𝑓𝑦𝑦 � ∝ � �𝑒𝑒
𝑛𝑛=1

= 𝑒𝑒

𝑓𝑓𝑦𝑦2 𝑓𝑓𝑥𝑥2 𝑁𝑁/2
−�
+
�
4𝐾𝐾𝑦𝑦 4𝐾𝐾𝑥𝑥

−

+ 𝑒𝑒

1

𝑤𝑤 2

.

𝑓𝑓𝑦𝑦2
𝑓𝑓𝑥𝑥2
4𝐾𝐾𝑦𝑦 −4𝐾𝐾𝑥𝑥 −𝑖𝑖2𝜋𝜋𝑓𝑓𝑥𝑥 𝑑𝑑(𝑛𝑛−0.5) −𝑖𝑖�−∆𝛷𝛷(𝑛𝑛−0.5)�
𝑒𝑒
𝑒𝑒
𝑒𝑒

−

𝑓𝑓𝑦𝑦2
𝑓𝑓𝑥𝑥2
4𝐾𝐾𝑦𝑦 −4𝐾𝐾𝑥𝑥 −𝑖𝑖2𝜋𝜋𝑓𝑓𝑥𝑥 𝑑𝑑(𝑛𝑛−0.5) −𝑖𝑖�−∆𝛷𝛷(𝑛𝑛−0.5)�
𝑒𝑒
𝑒𝑒
𝑒𝑒
�

��𝑒𝑒 −𝑖𝑖�(𝑛𝑛−0.5)(2𝜋𝜋𝑓𝑓𝑥𝑥 𝑑𝑑(𝑛𝑛−0.5)+𝛥𝛥𝛥𝛥� + 𝑒𝑒 𝑖𝑖�(𝑛𝑛−0.5)(2𝜋𝜋𝑓𝑓𝑥𝑥 𝑑𝑑(𝑛𝑛−0.5)+𝛥𝛥𝛥𝛥)� �

𝑛𝑛=1

= 𝑒𝑒

𝑓𝑓𝑦𝑦2 𝑓𝑓𝑥𝑥2 𝑁𝑁/2
−�
+
�
4𝐾𝐾𝑦𝑦 4𝐾𝐾𝑥𝑥

� cos�(𝑛𝑛 − 0.5)(2𝜋𝜋𝜋𝜋𝑓𝑓𝑥𝑥 + ∆𝛷𝛷)�

𝑛𝑛=1

and this is the far field representation assuming a gaussian source.
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(2-9)

2.3.4

Fraunhoffer Diffraction Model Analysis

As revealed in Equations 2-7, the Fraunhoffer approximation of the far field pattern is
represented by a sum of cosine functions enveloped by a sinc function. This concept is illustrated
in Figure 2-10.

Figure 2-10: A cosine function enveloped by sinc function approximates the far
field pattern projecting from a two-channel EOD
The cosine functions are shifted along the x-axis by increasing the relative phase difference
between the waveguides (|ϕ1- ϕ2|). This simulates deflection as illustrated in Figure 2-11.

Figure 2-11: The cosine pattern can be deflected by
changing the phase difference between the modeled
waveguides. This figure shows the effect of a π/3
phase shift between two waveguide channels.
These concepts will be used throughout this section to derive several key relations that define
the EOD performance.
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Deflection Angle vs. Phase Shift
To determine the amount of deflection that will occur in the far field for a given phase
difference between adjacent waveguides, we will focus on the cosine portion of Equation 2-7. We
will assume 𝑛𝑛 = 1 because it is the center pair of waveguides that determines the deflection range,
as discussed under the subheading “Resolvable Points.” This leaves us with:
cos �𝜋𝜋𝜋𝜋𝑓𝑓𝑥𝑥 +

which by substituting in Equation 2-2 becomes:
cos �

∆𝛷𝛷
�
2

𝜋𝜋𝜋𝜋𝜋𝜋 ∆𝛷𝛷
�
+
2
𝜆𝜆𝜆𝜆

The shift, or deflection, of this cosine function relative to the origin is represented by:
∆𝛷𝛷
|𝛥𝛥𝛥𝛥| = 2
𝜋𝜋𝜋𝜋
𝜆𝜆𝜆𝜆
=

𝜆𝜆𝜆𝜆∆𝛷𝛷
2𝜋𝜋𝜋𝜋

This can then be converted into angular deflection as follows:
𝜃𝜃 = tan−1 �

𝛥𝛥𝛥𝛥
�
𝑧𝑧

𝜆𝜆𝜆𝜆∆𝛷𝛷
= tan−1 � 2𝜋𝜋𝜋𝜋 �
𝑧𝑧
𝜆𝜆∆𝛷𝛷
�
= tan−1 �
2𝜋𝜋𝜋𝜋

For small deflection angles, the paraxial approximation holds, and you could say:
𝜃𝜃 ≈

𝜆𝜆∆𝛷𝛷
2𝜋𝜋𝜋𝜋
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(2-10)
(2-11)

This equation is helpful for calculating the amount of deflection that occurs for a given phase
shift. 1 It can also be used to derive a metric that defines the deflection device as a whole: the halfwave deflection angle.
Half-Wave Deflection Angle
Phase is cyclic. A phase shift of 2π will look identical to no phase shift at all.
Furthermore, a phase shift of π is equivalent to a phase shift of -π. This is manifest in the far
field projection pattern. Figure 2-12 shows what the far field pattern in the x-direction would look
like after a π or a -π phase shift of a waveguide channel on a two-channel device.

Figure 2-12: The far field pattern
that results from a phase shift of
π or -π in one of the channels of a
two-channel deflector
As a result of a π phase shift, the next peak over of the far field cosine pattern is as much in
the sinc envelope as the peak of interest, and their intensities are equal. Any further deflection will
result in the peak of interest being overpowered by the encroaching peak. Thus, this π phase shift
can be considered the limit of useful deflection in a given direction. For a multi-channel device,
this would occur when the phase of each channel is shifted by π relative to its neighboring channel.
We will refer to the angle that a beam would deflect due to a π phase difference between all
adjacent waveguides as the half-wave deflection angle. It is equivalent to the half-period of the
Note that the sinc envelope adds some asymmetry to deflected beams, and thus the peak of a deflected beam will be at a slightly lower
angle than the peak of the underlying cosine peak that this equation is based off of. These beams will eventually be made narrow enough that
this discrepancy is negligible, as discussed under the subheading “Resolvable Points.”
1
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cosine wave. We consider this to be an important metric because it is the largest angle a fringe can
deflect in a given direction before the next fringe down becomes brighter than it. Since the phase
can shift π radians in both directions, the total deflection angle obtainable from a given device is
two times the half-wave deflection angle. 2
We can calculate the half-wave deflection angle by replacing Δφ with π in Equation 2-10 as
shown here:
𝜃𝜃π = tan−1 �
= tan−1 �

𝜆𝜆𝜋𝜋
�
2𝜋𝜋𝜋𝜋

𝜆𝜆
�
2𝑑𝑑

(2-12)

Ultimately, we want to maximize the half-wave deflection angle for maximum deflection
potential. Equation 2-12 shows that the half-wave deflection angle decreases with larger distances
between the waveguides (as does any given deflection angle, in accordance with Equation 2-10).
From Figure 2-13 we observe that the half-wave deflection angle starts increasing especially
rapidly as the separation distance descends below 2 µm.
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Figure 2-13: Graphical representation of Equation
2-12, showing the half-wave deflection angle as a
function of the distance between the center of
waveguides for red, green, and blue light.
2
We recognize that the quality of the beam is diminished quite a bit near this half-wave threshold. Thus, the total useful deflection range
is probably less than twice the half-wave deflection angle.
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Diffraction Efficiency
Besides the cosine pattern, the other part of the modeled far field pattern is a sinc envelope.
The EOD should ideally be a single deflecting point. The sinc envelope is what attenuates higher
order fringes while highlighting the one you are interested in.
From Equation 2-7 we see that the sinc function is defined in part by the width of the
waveguides. By increasing the width, the sinc function becomes more restricted, and thus
attenuates more of unwanted fringes—a trend illustrated in Figure 2-14.

Figure 2-14: As the width of the waveguides increases, the sinc envelope of the
becomes narrower in the far field projection and thus attenuates more of the
unwanted fringes.
However, the width should be maximized relative to the channel separation distance. Since the
separation distance is defined as the distance between the centers of two adjacent waveguides, the
width must be smaller than this separation distance lest the waveguides overlap as demonstrated
in Figure 2-15. Another way of thinking about this is that the gap between the inside edges of the
two waveguides should be minimized.
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a)

b)

Figure 2-15: The waveguide width, w, cannot be any larger
than the separation distance, d , lest the waveguides overlap.
A downside of increasing the width is that more modes become manifest, which we want to
avoid as discussed in Section 2.2.1. Another consideration is that gap between channels is
ultimately limited by fabrication tolerances. As waveguides become narrower, this minimum
achievable gap becomes larger relative to the waveguide width and separation distance, which
results is lower diffraction efficiency as illustrated in Figure 2-16.
Determining what is best for a particular application from here becomes a case of human
judgement. If a large deflection angle and an absence of higher modes is important, the channels
should be made as narrow as possible and then they should be brought as close to one another as
possible. If it is more important to attenuate higher order fringes, it may be best to make the
waveguides wider (and consequentially the separation distance between them larger) so that the
gap between the inside edges of the two waveguides relative to the separation distance is smaller,
even though that means making the separation distance larger.
To eliminate the need for this tradeoff, a future implementation of this deflector in displays
may include some sort of physical shield to block beams outside of the half-wave deflection range.
For near-eye display applications, these higher orders may be outside of the viewing field, and
therefore may not matter.
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Figure 2-16: Waveguide width tradeoff: In both of these cases the spacing in
between the two waveguides has been minimized to 0.5 µm. a) A smaller width
and separation distance results in fewer waveguide modes and a larger deflection
angle, but a wider envelope, meaning higher order fringes will be more manifest.
b) A larger width (and consequentially separation distance) results in a smaller
deflection angle, but the envelope will be narrower, meaning the higher order
fringes will be more attenuated.
Resolvable Points
An important parameter for any digital display is spatial resolution. Spatial resolution is
directly related to the number of resolvable points along a given axis. The Fraunhoffer model can
be used to estimate the number of resolvable points along the EO axis of a given deflector.
Resolvable points are defined by the Rayleigh criterion. The Rayleigh criterion states that in
order for two adjacent points to be considered resolved, the maximum of one point must be no
closer than the first minimum of the other point, as is demonstrated in Figure 2-17.
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Figure 2-17: The Rayleigh criterion states
that for two adjacent points to be considered
resolved, the maximum of one point must be
no closer than the first minimum of the other
point (Ref. [28], Fig. 17).
We will define the number of resolvable points in our EO deflectors to be the number of
resolved points that fit inside the bidirectional half-wave deflection range (-π to π phase shift).
Let’s first consider any given two-channel device. The far field points would be defined by a
single squared cosine function (see Equation 2-7). The distance between a peak and a minimum in
this case is half of the bidirectional half-wave deflection range. Thus, a two-channel device can
only display two resolvable points, as is shown in Figure 2-18.

Figure 2-18: A two-channel deflector can only
support two resolvable points. The red and blue
curves represent the two resolved points that
can fit within the bidirectional half-wave
deflection range (designated by dashed lines)
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As more channels are added, however, the number of resolvable points increases. This is
demonstrated in Figure 2-19.

Figure 2-19: Far field patterns that would project from devices with a) 2, b) 4,
c) 8, and d) 32 channels. The fringes become increasingly narrow as
additional channels are added. This enables more resolvable points.
The reason for this behavior is illustrated in Figure 2-20. Moving outwards from the center two
channels, each additional pair of channels adds a higher frequency cosine to the far field image
(see Equation 2-6). If the channels are evenly spaced, the added cosines, though of varying
frequencies, will be odd harmonics of the initial cosine. This means that every cosine will align at
the original cosine’s peaks and troughs. Since the higher frequency cosine fringes are narrower
than the originals, each consecutive cosine that is added (in response to each consecutive pair of
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channels) will make the central fringe narrower as it is added in. The higher frequency cosines will
cancel out each other’s remaining peaks as they are added together. This gives the advantage of
narrower fringes from higher frequency cosine patterns, while maintaining the large period, and
thus large deflection angles, of lower frequency cosines.
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Figure 2-20: Effect of multi-channel devices on the far field intensity pattern. These
images show the cosine portion of the far field pattern from a device with six
channels. a) Each additional pair of channels adds b) a higher frequency cosine that
is an odd harmonic of the one from the center two channels (the cosine from the
center channels is shown in blue). c) All cosines add up constructively with the peaks
and troughs of the original cosine. The remaining peaks of the higher frequency
waves are canceled out by one another.
We used Newton’s method on the cosine portion of Equation 2-7 to find the angular location
of the first zero on the cosine curve as a function of N. We then divided that ratio into the halfwave deflection range angle (2θπ) to find the number of resolvable points as a function of N.
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Through all this, we determined that the number of resolvable points is equal to the number of
waveguide channels:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑁𝑁

(2-13)

The downside to increasing the number of channels is that it may require a greater phase shift,
and therefore a greater applied voltage. This is because regardless of the number of channels, what
affects deflection is the relative phase difference between neighboring channels. If a device has
four channels, the first channel might have a relative phase of zero, the next one might have a
phase of π/3, the next one 2π/3, and the last one π in order to get the deflection associated with a
π/3 phase shift. For another device with one-hundred twenty-eight channels, the final channel
would need a phase shift of 127π/3 to achieve the same amount of deflection as the four-channel
device. If that’s even possible (I assume there is some threshold to Pockel’s effect) that could be a
huge increase in voltage for the same results. The good news is that phase is cyclic, so 127π/3 is
equivalent to π/3. You could technically control as many channels as you want without ever having
to supply more than the half-wave voltage. The bad news is that accounting for this cyclic nature
in each channel would require individual control of every channel. This would become much more
difficult to fabricate, especially considering how little space we have to work with on these
microchips. In Section 3.5.3 we discuss alternative multi-channel electrode designs that cope with
these tradeoffs.
As a final note, increasing the number of channels is not necessarily the only way to increase
the number of resolvable points. For example, the lensing electrodes discussed in Section 3.5.4
may increase the number of resolvable points. Lensing electrodes have not yet been incorporated
into this Fraunhoffer model.
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2.4

Numerical Diffraction Model
The analytical model described in the previous section has an increased measure of ease,

flexibility, and speed when compared to the numerical models we created. This facilitates the
extraction of large amounts of data from the model. The downside of the analytical model is that
it can only represent basic shapes and structures, resulting in decreased accuracy. For instance, in
our analytical model the electric field at the edge of the waveguide is represented as a perfectly
rectangular plane wave where, in reality, it is a modal field emerging from an irregularly shaped
waveguide. In this section we compare the analytical model to a numerical model to better
determine the accuracy of the analytical model.
To simulate the far field pattern of light diffracting from waveguides, we created a 3D model
in Lumerical FDTD. The ends of a specified number of lithium niobate waveguides were modeled
adjacent to each other, separated by a distance. A power monitor was placed directly in front of
the front edges of these waveguides in free space which captured the field pattern of light
propagating from the waveguides. The associated 3D model is shown in Figure 2-21. From this
near field pattern, the far field pattern was calculated in the software. The scripting code used to
generate this model is found in Appendix C.

Figure 2-21: Simulation model of two
adjacent lithium niobate waveguides
that diffract into free space.
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The following figure shows example intensity patterns generated from this FDTD simulation
for two adjacent waveguides that were 1 µm wide and whose centers were positioned 1.5 µm apart.
Shown to the right of these images for comparison are field patterns from the analytical
Fraunhoffer model using waveguides of the same dimensions.
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Figure 2-22: Far field patterns from numerical (left) and analytical (right) models The
patterns emanated from a two channel device whose waveguides were 1 µm wide and
separated by 1.5 µm. The phase differences between the channels are a) 0 and b) π
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Figure 2-23 shows the numerical and analytical far field for a device with the same waveguide
parameters as the device of Figure 2-22, but which has sixteen channels, rather than two.

50

40

30

20

degrees

10

0

-10

-20

-30

-40

-50
-50

0

50

degrees

Figure 2-23: Far field patterns from numerical (left) and analytical (right)
models. The patterns emanated from a sixteen channel device whose
waveguides were 1 µm wide and separated by 1.5 µm.
Based on these figures and other analyses that we have done, the analytical solution is
minimally compromised relative to the numerical solution, even though the analytical model does
not account for the modal shape of the field.

2.5

Electro-Optic Deflection
We have so far generated a model that can predict deflection angle as a function of phase

change between adjacent waveguides. In this section we will expand this model to include electrooptics, which is our approach for inciting this phase change.
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2.5.1

Deflection vs. Voltage

For the case of lithium niobate waveguides, phase is shifted proportional to the applied electric
field, and thus the applied voltage, in accordance with the following relation [29]:

𝛥𝛥𝛥𝛥 =
=

2𝜋𝜋 3
𝐸𝐸𝑧𝑧
𝑛𝑛𝑒𝑒 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝐿𝐿
𝜆𝜆
2

𝜋𝜋𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉
𝜆𝜆𝑠𝑠𝑧𝑧

(2-14)

where ΔΦ in this case is the difference in phase between light from the modulated waveguide

relative to the same waveguide at rest. λ is the free space wavelength. In these equations, ne is the
effective index of the unperturbed waveguide (see Figures 2-4 and 2-7), r33 is the electro-optic
coefficient (about 32 pm/V for virgin LiNbO3 [29]), Γwg is a correction factor to account for the
fact that the electrical and optical fields may not directly line up with each other (see Figures 3-9
and 3-12), Ez is the electric field in the z direction, V is the applied voltage, L is the length of the
electrodes along the direction of the waveguides, λ is the wavelength, and sz is the separation
distance between the two electrodes in the crystal’s z direction.
Equation 2-14 can be substituted into Equation 2-10 to determine a relation for deflection angle
given the electro-optic parameters.
𝜋𝜋𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉
𝜆𝜆𝑠𝑠𝑧𝑧
⎞
𝜃𝜃 = tan−1 ⎛
2𝜋𝜋𝜋𝜋
⎝
⎠
𝜆𝜆

= tan

−1

𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉
�
�
2𝑑𝑑𝑠𝑠𝑧𝑧

𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉
≈
2𝑑𝑑𝑠𝑠𝑧𝑧

Interestingly, wavelength is canceled out in this equation.
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(2-15)

Before implementing Equation 2-15, recall that ΔΦ in Equation 2-10 is the difference in phase
between any two adjacent waveguides, and ΔΦ in Equation 2-14 is the difference in phase between
light from the modulated waveguide relative to the same waveguide at rest. Thus, Equation 2-15
is only valid for a two-channel device where one channel is at rest and the phase of the other
channel is shifted by ΔΦ. It makes less sense for a multi-channel device.
For a multi-channel device, each channel must be shifted ΔΦ relative to its neighboring channel.
If the device has a staircase shaped electrode on it as explained in Section 3.5.3, the deflection
angle could be defined as,
𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉
�
�,
2𝑑𝑑𝑠𝑠𝑧𝑧 (𝑁𝑁 − 1)

(2-16)

𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉𝑉𝑉
𝜃𝜃 = tan−1 �
�,
2𝑑𝑑𝑠𝑠𝑧𝑧

(2-17)

𝜃𝜃 = tan

−1

Where N is the number of channels and L is the length of the longest channel. Alternatively, the
same result would come from the relation,

where ΔL is the difference in length between the electrodes surrounding any two adjacent channels.
Adding additional channels would apparently decrease the deflection angle about
proportionally to the number of channels added when using a staircase electrode structure. Section
3.5.3 discusses how this could be a problem and also discusses alternative electrode structures that
decrease the cost of adding additional channels.
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As a final exercise, it would be useful to have a relation describing the amount of volage
necessary to achieve a given phase shift, which can be achieved by rearranging Equation 2-16:

or Equation 2-17:

𝑉𝑉 =

tan(𝜃𝜃) 2𝑑𝑑𝑠𝑠𝑧𝑧 (𝑁𝑁 − 1)
𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝐿𝐿

(2-18)

tan(𝜃𝜃) 2𝑑𝑑𝑠𝑠𝑧𝑧
𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝛥𝛥𝛥𝛥

(2-19)

𝑉𝑉 =

The maximum amount of voltage that would be required to reach the full extent of the range
of a given device (π phase shift between channels in either direction) is the half-wave voltage. We
derive it by replacing Δφ by π in Equation 2-14, and then solving for V. The resulting equation is:
𝑉𝑉π =

𝜆𝜆𝑠𝑠𝑧𝑧
3
𝜋𝜋𝑛𝑛𝑒𝑒 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝐿𝐿

(2-20)

Again, for a device with more than two channels, to stay within this voltage would require special
control, as described in Section 3.5.3.

2.6

Integration into AOM
The equations in this chapter so far are legitimate for EOD devices in which the light diffracts

directly out of the waveguides into free space. However, for AO/EO deflectors, the light does not
diffract directly into free space, but rather it diffracts into the bulk substrate and later refracts out
of the edge of the substrate into free space. In this section we will augment our mathematical model
to account for how the differences inherent in an AO/EO configuration affect the deflection angle
along the EO axis.

36

Figure 2-24: Diffraction and refraction in an AO/EO deflector
shown from the substrate top (only EO deflection is illustrated).
While an EOD diffracts directly into free space from the substrate
edge, an AO/EO device diffracts through the lithium niobate which
then enters free space. Refraction occurs at that boundary.
In some instantiations a grating may be used to further manipulate the deflection angle and to
redirect the light out the back or front of the substrate [2, 3]. In this analysis we will assume edge
emission and the absence of gratings.

2.6.1

Diffraction through the Lithium Niobate Bulk

To begin, we must account for the fact that with an AO/EO modulator, the SAW-induced light
diffracts out of the waveguide and propagates a short distance through the lithium niobate bulk.
Recall from Equation 2-10 that the Fraunhoffer model deflection angle is:
𝜃𝜃 = tan−1 �

𝜆𝜆∆𝛷𝛷
�
2𝜋𝜋𝜋𝜋

This equation is still valid for light diffracting directly into lithium niobate. However, it is
crucial in this case to recognize that the wavelength, λ, is inversely proportional to the index of
refraction of the material through which the light propagates. To account for this, we will expand
Equation 2-10 as follows:
𝜃𝜃 = tan−1 �

𝜆𝜆0 ∆𝛷𝛷

𝑛𝑛2𝜋𝜋𝜋𝜋
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�

(2-21)

By the time the light reaches the substrate edge, we presume the Fraunhoffer diffraction pattern
should be completely formed. To confirm this, we can recall Equation 2-4. Assuming 𝑎𝑎 < 5 µm,

𝜆𝜆 > 380⁄2.2 nm, and 𝑧𝑧 > 1 mm, Equation 2-4 should be satisfied.
2.6.2

Refraction at the Lithium Niobate Edge

When the beam reaches the substrate edge, it refracts into free space. To determine how the
deflection angle is affected by refraction, we will incorporate Snell’s law:
θ2 = sin−1 �

𝑛𝑛1
sin(θ1 )�
𝑛𝑛2

In our case, n1 is the refractive index of lithium niobate (~2.2), and n2 is the refractive index of
free space, or 1. We can calculate the output angle as a function of the input angle at the boundary
as follows:
θ2 = sin−1 (𝑛𝑛1 sin θ1 )

If we substitute Equation 2-21 into this relation, we get:

θ2 = sin−1 �𝑛𝑛 sin �tan−1 �

We might simplify this by recalling that

sin(θ) = ±

𝜆𝜆0 ∆𝛷𝛷
���
𝑛𝑛2𝜋𝜋𝜋𝜋

tan(θ)

�1 + tan2 (θ)

Incorporating this into our relation results in the following equation:
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⎛
−1 ⎜
θ2 = sin
⎜

𝑛𝑛

𝜆𝜆0 ∆𝛷𝛷
𝑛𝑛2𝜋𝜋𝜋𝜋

⎞
⎟
2⎟

�1 + �𝜆𝜆0 ∆𝛷𝛷 �
𝑛𝑛2𝜋𝜋𝜋𝜋 ⎠
⎝

= sin

⎛

𝜆𝜆0 𝛥𝛥𝛥𝛥
2𝜋𝜋𝜋𝜋

⎞
⎟
⎜
2⎟
�1 + �𝜆𝜆0 ∆𝛷𝛷�
𝑛𝑛2𝜋𝜋𝜋𝜋 ⎠
⎝

−1 ⎜

(2-22)

To derive the relation for the half-wave deflection angle of AO/EO devices, Δφ can be replaced
with π:

θ𝜋𝜋 = sin

= sin

𝜆𝜆0 𝜋𝜋
2𝜋𝜋𝜋𝜋

⎛

−1 ⎜

⎜

⎞
⎟
2⎟

�1 + � 𝜆𝜆0 𝜋𝜋 �
𝑛𝑛2𝜋𝜋𝜋𝜋 ⎠
⎝

⎛

𝜆𝜆0
2𝑑𝑑

⎞
⎟
⎜
2⎟
�1 + � 𝜆𝜆0 �
𝑛𝑛2𝑑𝑑 ⎠
⎝

−1 ⎜

(2-23)

Similarly, to derive a relation for the deflection angle in terms of EO parameters we might
substitute Δφ with Equation 2-16:

⎛
⎞
𝜋𝜋𝑛𝑛3𝑒𝑒 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉
⎜
⎟
𝜆𝜆0 𝜆𝜆𝑠𝑠 (𝑁𝑁 − 1)
⎜
⎟
𝑧𝑧
⎟
−1 ⎜
2𝜋𝜋𝜋𝜋
𝜃𝜃 = sin ⎜
⎟
�
2
3 𝑟𝑟 𝛤𝛤 𝑉𝑉𝑉𝑉
⎜⃓
⎟
⃓
𝜋𝜋𝑛𝑛
𝑒𝑒 33 𝑤𝑤𝑤𝑤
⃓
𝜆𝜆
⎜⃓
⎟
0
⎛
⎞
⃓
𝜆𝜆𝑠𝑠𝑧𝑧 (𝑁𝑁 − 1)
1+⎜
⎜⃓
⎟
⎟
⃓
𝑛𝑛2𝜋𝜋𝜋𝜋
⃓
⃓
⎝⎷
⎝
⎠ ⎠
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⎛
−1 ⎜
= sin
⎜

𝑛𝑛3𝑒𝑒 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉
2𝑑𝑑𝑠𝑠𝑧𝑧 (𝑁𝑁 − 1)

⎞
⎟
2
⎟
𝑛𝑛3𝑒𝑒 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉
�1 + �
�
𝑛𝑛2𝑑𝑑𝑠𝑠𝑧𝑧 (𝑁𝑁 − 1) ⎠
⎝

(2-24)

or alternatively, we might substitute Δφ with Equation 2-17:

⎛
−1 ⎜
𝜃𝜃 = sin
⎜

𝑛𝑛3𝑒𝑒 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉𝑉𝑉
2𝑑𝑑𝑠𝑠𝑧𝑧

⎞
⎟
2⎟

𝑛𝑛3 𝑟𝑟 𝛤𝛤 𝑉𝑉𝑉𝑉𝑉𝑉
�1 + � 𝑒𝑒 33 𝑤𝑤𝑤𝑤
�
𝑛𝑛2𝑑𝑑𝑠𝑠𝑧𝑧
⎝
⎠

(2-25)

Ultimately, these new equations do not differ much from the equations describing EOD
deflection earlier in this chapter. For the range of parameters describing our devices, the
denominators of Equations 2-22 to 2-25 equate to about 1, especially for larger separation distances.
After this approximation, the only difference between Equations 2-22 to 2-25 and their EOD
counterparts is that the EOD counterparts have an arctangent, and these AO/EO equations have an
arcsine. Through the paraxial approximation, these trigonometric terms may be removed for small
angles.
Figure 2-25 shows a comparison of Equation 2-12, the half-wave deflection for EODs, and
Equation 2-23, the half-wave deflection angle for AO/EO deflectors. As expected, the difference
in deflection angle between these two equations almost negligible. For a 1 µm channel separation
distance the difference is less than 0.75°, and as this separation distance increases that difference
only decreases.
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Figure 2-25: Comparison of theoretical half-wave deflection angles for EODs and
AO/EO deflectors based on Equations 2-12 and 2-23. a) Side-by-side plots of two models,
b) difference between the two models
2.7

Summary
We will summarize Chapter 2 by listing the most important equations derived from our models

and then substituting target parameters into these equations to determine target outputs. These
target parameters, which are listed in Table 2-1, were determined based on our own experience,
the numerical models of these sections, and findings from academic literature. They should be
possible even with low-cost fabrication techniques, such as standard photolithography.
Table 2-1: Target Parameters for Optimized Deflectors
Parameter
Waveguide width
Waveguide depth
Waveguide separation distance
Difference in phase between adjacent waveguides
Effective index of refraction
Electro-optic coefficient
Correction factor
Voltage

Abbreviation

Target Value for Optimized Device

𝑤𝑤

1 µm (assumes SPE, see Figures 2-2 & 2-6)

𝑑𝑑

1.5 µm

𝑛𝑛𝑒𝑒

2.2 (assumes SPE, see Figure 2-7)

𝛤𝛤𝑤𝑤𝑤𝑤

1

ℎ

0.6 µm

∆𝜙𝜙

-π to π

𝑟𝑟33

32 pm/V ( [29], assumes zero degradation)

𝑉𝑉

-Vπ to Vπ (see Table 2-2 below)
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Electrode interaction length
Electrode separation distance in the z-direction

𝐿𝐿

2 mm

𝑁𝑁

32 (possible with a cascaded MMI [30])

25 µm

𝑠𝑠𝑧𝑧

Number of channels per array

Table 2-2: Summary of Equations and Target Outputs 3
Parameter

Equation(s)

Half-wave
voltage

Eq.
#

Target
Value

Notes

𝜆𝜆𝑠𝑠𝑧𝑧
𝜋𝜋𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝐿𝐿

2-20

7.5 V

Amount of voltage required
for a π phase shift.

2-14

Variable

Amount of phase shift for
given EO parameters.

tan(𝜃𝜃) 2𝑑𝑑𝑠𝑠𝑧𝑧 (𝑁𝑁 − 1)
𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝐿𝐿

2-18

Variable

Assumes staircase shaped
electrodes. ΔL in the second
equation is the electrode
length difference between
any two adjacent
waveguides.

2-13

32

Might be different if
introducing a lensing
electrode.

2-7

See
Fig. 2-26

𝑉𝑉π =

EO phase
shift

𝛥𝛥𝛥𝛥 =

Required
Voltage

𝑉𝑉 =

𝜋𝜋𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉
𝜆𝜆𝑠𝑠𝑧𝑧

or
tan(𝜃𝜃) 2𝑑𝑑𝑠𝑠𝑧𝑧
𝑉𝑉 = 3
𝑛𝑛𝑒𝑒 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝛥𝛥𝛥𝛥

Number of
resolvable
points

2-19

𝑃𝑃 = 𝑁𝑁

Specific to EOD
Far field
intensity
pattern

Deflection
angle

𝑁𝑁/2

𝐼𝐼�𝑓𝑓𝑥𝑥 , 𝑓𝑓𝑦𝑦 � ∝ �sinc(𝑤𝑤𝑓𝑓𝑥𝑥 ) sinc�h𝑓𝑓𝑦𝑦 � � cos�(𝑛𝑛
𝑛𝑛=1

− 0.5)(2𝜋𝜋𝜋𝜋𝑓𝑓𝑥𝑥 + ∆𝛷𝛷)��
𝜃𝜃 = tan−1 �
𝜃𝜃 = tan−1 �

Half-wave
deflection
angle

𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉
�
2𝑑𝑑𝑠𝑠𝑧𝑧 (𝑁𝑁 − 1)

Equation 2-9 is an alternate
gaussian-based far field
pattern.
2-10

Variable

In terms of phase difference
between any two adjacent
channels (Δφ).

2-16

Variable

In terms of EO parameters.
Assumes staircase shaped
electrodes. ΔL in the second
equation is the electrode
length difference between
any two adjacent
waveguides.

12.04°

Deflection angle in one
direction when all channels
are shifted by π relative to
their neighboring channels.

or

𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉𝑉𝑉
𝜃𝜃 = tan−1 �
�
2𝑑𝑑𝑠𝑠𝑧𝑧
𝜃𝜃π = tan−1 �

2-17
2-12

𝜆𝜆
�
2𝑑𝑑

𝑥𝑥
𝑦𝑦
, 𝑓𝑓𝑦𝑦 =
𝜆𝜆𝜆𝜆
𝜆𝜆𝜆𝜆

N is assumed to be even.

2

𝜆𝜆∆𝛷𝛷
�
2𝜋𝜋𝜋𝜋

𝑓𝑓𝑥𝑥 =

Max. deflection range = 2θπ
3

640 nm wavelength light is assumed
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Specific to AO/EO Deflector
Deflection
angle

⎝

⎞
⎟
2⎟
�1 + �𝜆𝜆0 ∆𝛷𝛷 �
𝑛𝑛2𝜋𝜋𝜋𝜋 ⎠
⎝

Half-wave
deflection
angle

𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉
2𝑑𝑑𝑠𝑠𝑧𝑧 (𝑁𝑁 − 1)

�1 + �

⎛
𝜃𝜃 = sin−1 ⎜
⎜
⎝

2-24

Variable

In terms of EO parameters.
Assumes staircase shaped
electrodes. ΔL in the second
equation is the electrode
length difference between
any two adjacent
waveguides.

12.26°

Deflection angle in one
direction when all channels
are shifted by π relative to
their neighboring channels.

⎞
⎟
2⎟

𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉
�
𝑛𝑛2𝑑𝑑𝑠𝑠𝑧𝑧 (𝑁𝑁 − 1) ⎠

𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉𝑉𝑉
2𝑑𝑑𝑠𝑠𝑧𝑧

�1 + �

⎛
−1 ⎜
𝜃𝜃π = sin
⎜

⎞
⎟
2⎟

2-25

𝑛𝑛𝑒𝑒3 𝑟𝑟33 𝛤𝛤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉𝑉𝑉
�
𝑛𝑛2𝑑𝑑𝑠𝑠𝑧𝑧
⎠
𝜆𝜆0
2𝑑𝑑

2-23

⎞
⎟
2⎟

�1 + � 𝜆𝜆0 �
𝑛𝑛2𝑑𝑑 ⎠
⎝

Max deflection range = 2θπ
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Figure 2-26: Modeled far field projection of target EOD device using values from
Tables 2-1 and 2-2. (a) uses the original rectangular waveguide approximation, and
(b) uses the gaussian waveguide approximation.
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CHAPTER 3.

SUBSYSTEM DESIGN

This chapter describes the processes through which we developed subsystems that were later
used to make up the full EO and AO/EO deflector systems described in Chapters 4 and 5. The four
subsystems described here are 1) the waveguide channels, 2) the waveguide taper, 3) the y-branch,
and 4) the electrodes.

3.1

Waveguide Channels
Our model in Section 2.2 suggested that the width of a waveguide should be 0.25 µm to 0.7

µm (or around 1 µm for lower contrast SPE waveguides) in order to be considered single mode,
which we desire. In Section 2.3.4 we discovered that EO deflection is optimized as the distance
between the centers of the channels is decreased. To decrease this distance, the widths of the
waveguides must also be decreased. Thus, a major design consideration for our waveguides was
minimizing width. This was the focus of our initial tests.
We quickly found that a major obstacle for minimizing width was optical loss: as waveguide
width decreases, loss increases. We designed the channels of the EO device to be as narrow as
possible while still allowing for a sufficient amount of light to pass through the device and create
a visible interference pattern in the far field. Minimizing loss required, in part, an improved
waveguide diffusion method, which is discussed in this section.
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For our final prototypes, we did not achieve single-mode waveguide channels, as we had
hoped. Nonetheless, in Section 6.4 we discuss ways in which loss can further be minimized to
allow for single mode, or at least quasi-single mode, waveguides.
The following subsections describe in further detail the tests and experiments we performed to
shape our waveguide channels.

3.1.1

Channel Waveguide Minimum Width Experiment

As discussed above, our ultimate goal is to fabricate narrow, single-mode waveguides. To
determine a starting point for this endeavor, we first executed an experiment to find the waveguide
of the smallest constant lateral width into which light could be directly coupled.
We fabricated an array of five channel waveguides of decreasing width on x-cut lithium niobate
(y-propagating). The length of the channels was 10 mm, and the widths of the waveguides were
15 µm, 10 µm, 5 µm, 3 µm, and 1 µm. A slab region was also included for prism coupling. The
device structure is shown in Figure 3-1.

Figure 3-1: Device used for waveguide width
experiment
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We diffused the waveguides using annealed proton exchange with pure benzoic acid.
We successfully coupled light into the 15 µm, 10 µm, and 5 µm waveguides. We were not able
to couple light into the 3 µm waveguide, and the 1 µm waveguide did not turn out well during the
photolithography process.
From this experiment we concluded that at the time the width of our waveguides was limited
by 1) coupling loss and 2) fabrication tolerances. (Although the Heidelberg µPG 101 lithography
machine we use to pattern our devices is officially rated for feature sizes as low as 0.6 µm, it is
difficult to consistently fabricate features that close to the minimum threshold that are also very
long, like the channel waveguides are.)
In Section 3.2 we introduce waveguide tapers into the architecture to further bring the
achievable width down to 3 µm and to decrease loss. Even with the added tapers, we eventually
found that loss was too high to propagate through and create a visible diffraction pattern out the
edge of these devices.
To further decrease waveguide loss, we performed an experiment to optimize the waveguide
diffusion method.

3.1.2

Waveguide Diffusion Optimization Experiment

The goal of this experiment was to decrease the optical loss of our waveguides while preserving
the electro-optic and acousto-optic properties of the material. This can be achieved by tuning the
annealing parameters and also through melt dilution [31, 32, 33, 34, 17]. For this experiment we
focused on optimizing the melt dilution.
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To dilute the proton exchange melt we added a percentage of lithium benzoate to the benzoic
acid. The lithium percentage is the concentration of lithium benzoate in the solution and is defined
as:
Li% =

mole of lithium benzoate
∗ 100%
mole of benzoic acid

(3-1)

The lithium percentage typically ranges from 0% to 5%.

Three effects of dilution are a slower diffusion rate, a smaller change in refractive index [17],
and decreased loss. The latter effect was proven in this experiment.
We proton exchanged five lithium niobate waveguide devices in different melts with lithium
percentages of 0%, 0.5%, 1%, 1.5%, and 2%. Since the rate of diffusion decreases quadratically
with increased lithium percentage, we exchanged the five devices for 0.5, 1, 2, 4, and 8 hours,
respectively. In each case we exchanged in a pressure capsule placed in an oven set at 250° C.
Post-diffusion, each device was annealed for 45 minutes at 375° C. A more detailed description of
this fabrication process can be found in Appendix D.
Loss was determined qualitatively by polishing the edge of the device and visually observing
the amount of light that emitted from the edge of the waveguide compared to the lossy light
scattering out from the substrate bulk. Table 3-1 contains photographs of light propagating from
the edge of each of these devices. The overall intensity of the light shown in these images
diminished with an optical density filter.
For reference, Figure 3-2 shows a cross section of the slab waveguides oriented like those
shown in the images of Table 3-1.

47

Table 3-1: Photographs of the Illuminated Edge of Five Slab Waveguides Diffused Using
Proton Exchange Melts of Varying Lithium Dilutions
Lithium
0%
Percentage
Proton
0.5 hours
Exchange
Time
Image

0.5%

1%

1.5%

2%

1 hour

2 hours

4 hours

8 hours

Figure 3-2: Diagram of lithium niobate slab
waveguides used in this experiment
Based on these images, we concluded that as the lithium percentage increased, the amount of
light leaking out from the waveguides into the substrate bulk decreased. In each image, a bright
spot can be seen propagating from the slab waveguide region and additional light can be seen
propagating out from the lithium niobate bulk. We assumed that the light propagating from the
bulk in these images represents light that was no longer confined to the waveguide due to loss. For
these devices, there tended to be less light propagating out from the bulk for waveguides diffused
in higher lithium concentration melts.
Both the 1.5% and 2% lithium percentage samples manifested similar amounts of loss as far
as we could tell from this visual analysis. It was decided that 1.5% dilution would be optimal for
research since, according to our tests, it minimizes leakage while also having a shorter proton
exchange time than the 2% dilution.
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We finally put these findings to the test on a channel waveguide device. We fabricated the
waveguide portion of a Truncated Mach Zehnder Interferometer (TMZI) structure which is
explained in Section 4.1. The TMZI had a taper that funneled the waveguide width down to 3 µm
from a 5 µm opening. It also had a y-branch to separate the two branches (see Section 3.3). We
used a 1.5% dilute melt for the proton exchange.
Figure 3-3 shows the top surface of illuminated TMZIs proton exchanged in a) pure benzoic
acid and b) benzoic acid diluted with a 1.5% part lithium benzoate. The light propagating from the
TMZI surface, which is proportional to the light confined in the waveguide, fades off noticeably
quicker for the TMZI fabricated in pure benzoic acid.

Figure 3-3: Top surface of illuminated TMZI waveguide devices diffused
in a) pure benzoic acid, and b) benzoic acid diluted with a 1.5% part
lithium benzoate. The loss is noticeably greater for the pure benzoic acid
device.
This contrast together with the observations from the top of the substrate imply that the light
that was previously lost from the TMZI waveguides now largely remains in the waveguides until
reaching the end of the structure.
In Figure 3-4 we show the filtered light propagating from the edge of the TMZI device diffused
with dilute proton exchange. At the top of the device, we see two faint spots (not of equal intensity)
representing the light confined to the channel waveguide branches. We also see lossy light at the
bottom of the device.
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Figure 3-4: Polished edge of a TMZI
device that was diffused in a 1.5% lithium
diluted melt.
The lossy light for this device was anticipated in this case because light is being confined to a
narrow channel waveguide, and because of the TMZI components, such as the y-branch, cause
loss. The taper was also not optimized at this point, as we discuss in the next section.
Despite these losses, a visible amount of light could be discerned at the edge of the narrow
channel waveguides indicating that light successfully propagated all the way through the TMZI
structure.

3.1.3

Final Width and Future Work

The TMZI described did not transmit enough light from the edge to form a visible interference
pattern in the far field, as it should have. We decreased the amount of loss to some degree by
increasing the opening width and the length of the waveguide taper, as described in the following
section. Nonetheless, in order to sufficiently decrease loss for our purposes, we eventually had to
increase the width of the waveguide channels.
Through a series of tests, we determined that the waveguides of our TMZI structure needed to
be about 5 to 7 µm wide in order to project the proper interference pattern. While waveguides of
these widths worked for our initial proof-of-concept prototypes, we eventually want to further
minimize these widths for reasons described at the beginning of this section. Appendix F describes
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some further experiments we executed to determine diffusion methods with even lower amounts
of loss, specifically for waveguides on z-cut lithium niobate. We now only need to determine these
methods’ ability to preserve the nonlinear properties of the material before we can adopt them and
fabricate lower loss waveguides.

3.2

Waveguide Tapers
A major source of optical loss in our waveguides occurred at the interface between the prism

coupling slab waveguide region and the narrow channel waveguides. To reduce this loss, we
incorporated a waveguide taper (also known as a horn coupler) into to waveguide structure that
funneled light down from a wider waveguide opening down to the narrow single-mode or quasi
single-mode waveguide we desired for our deflectors as illustrated below.

a)

b)

Figure 3-5: Demonstration of the benefit of waveguide tapers. a) Light is coupled
into a narrow channel waveguide directly from a slab waveguide with excessive
scattering and loss. b) Light is coupled into a channel waveguide through a
waveguide taper and scattering is reduced.
We performed a series of experiments to find the ideal parameters for these waveguide tapers
including the opening width, the taper length (and consequentially, the tapering rate), and the horn
shape.
Note that the devices described in this section were fabricated before the proton exchange
dilution test of Section 4.1.2, and thus the waveguides were all diffused in pure benzoic acid.

51

3.2.1

Parabolic Waveguide Tapers

We initially implemented and tested parabolically shaped tapers. Parabolic tapers can
potentially couple light into narrow waveguides with less loss, and in a smaller length than those
that taper down linearly [35].
We implemented a series of parabolic tapers based on the work of Chen, et al. [35] and another
series based on the work of Burns, et al [36, 37]. In the experiment described in Section 4.1.1 we
found that light could successfully be coupled into openings as small as 5 µm. Thus, we tested
some tapers with a 5 µm opening, and others with a 30 µm opening. We tapered down to 4 µm, 3
µm, and 2 µm.
We determined loss by analyzing the amount of light scattering from the top of the waveguide
across the length of the structure. In most cases, we were able to taper light from 5 µm or 30 µm
down to 4 µm, 3 µm, or 2 µm. As expected, less loss was exhibited when coupling from a 30 µm
mouth, and less loss was exhibited when coupling down to a 4 µm channel.
Nonetheless, as we continued to develop prototype, we realized that there was still too much
optical loss from these tapers to execute a successful prototype. We could have then further
optimized these parabolic tapers, but out of fear of spending too much time optimizing waveguide
tapers, which was not the main focus of our research, we decided instead to simplify our taper
design by transitioning to linear tapers.

3.2.2

Linear Waveguide Tapers

We next sought to define a linear waveguide taper design that was sufficiently low loss to
enable a working EOD prototype. We accomplished this by fabricating, testing, and analyzing
several waveguide tapers with varying parameters. A linear taper can be defined using three
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parameters: the input width, the output width, and the taper length, as shown in Figure 3-6. With
only three parameters, it was easier to design and test a large number of linear waveguide tapers
than it would have been with the parabolic waveguide tapers.

Figure 3-6: The three parameters of a linear waveguide taper are
the input width, the output width, and the coupler length
We tested a total of sixteen structures for this experiment with input widths of 10 µm, 20 µm,
30 µm and 40 µm and with output coupler lengths of 1 mm, 2 mm, 3 mm, and 4 mm. In every case
the output width was maintained at 3 µm.
To determine loss, we analyzed the amount of light scattering from the tops of the waveguide
structures, and we also observed the intensity of the light scattering from the waveguide at the
polished edge of the structure, or in other words, the amount of light that made it to the end of the
waveguide. From the edge of the device, we could also see the amount of lossy light emanating
from the bulk of the substrate which is an indication of optical loss.
Qualitative results are summarized in Table 3-2. Waveguide tapers are ranked based on their
consistent brightness along the waveguide looking at the top of the device (first column), the
brightness of the light scattering from the edge of the waveguide (second column), and the
reduction of the amount of noise scattering from the bulk at the edge (third column). The
waveguide tapers that seemed to have reduced noise the most are highlighted in each case.
Based on these analyses, we concluded that the waveguide taper with a 30 µm wide opening
and a 2 mm length and the waveguide taper with a 40 µm wide opening and a 1 mm length had
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minimal optical loss. Figure 3-7 shows photographs of the tops and the edges that correspond to
these two waveguide tapers.
Because we changed the channel width for different experiments, we took note of the tapering
angle for these successful waveguide taper structures and used those angles as metrics when
altering the output width. Thus, our final parameters for waveguide tapers in future designs are 1)
30 µm wide opening with a 0.34° taper, and 2) 40 µm wide opening with a 0.97° taper.
Table 3-2: Summary of Waveguide Taper Efficiency
Brightness from top

Brightness at back edge

Lossy light in substrate bulk

(Beginning with brightest)

(Beginning with brightest)

(Beginning with least loss)

30 µm 4 mm
30 µm 3 mm
30 µm 2 mm
30 µm 1 mm
40 µm 2 mm
40 µm 1 mm
20 µm 4 mm
40 µm 3 mm
40 µm 4 mm
20 µm 2 mm
10 µm 2 mm
20 µm 1 mm
20 µm 3 mm
10 µm 1 mm
10 µm 3 mm
10 µm 4 mm

20 µm 1 mm
40 µm 1 mm
30 µm 2 mm
20 µm 3 mm
30 µm 1 mm
20 µm 2 mm
10 µm 2 mm
10 µm 1 mm
30 µm 3 mm
10 µm 3 mm
20 µm 4 mm
10 µm 4 mm
40 µm 2 mm
30 µm 4 mm
40 µm 3 mm
40 µm 4 mm

40 µm 1 mm
30 µm 2 mm
20 µm 4 mm
20 µm 3 mm
20 µm 2 mm
30 µm 3 mm
30 µm 1 mm
20 µm 1 mm
10 µm 2 mm
10 µm 1 mm
10 µm 4 mm
10 µm 3 mm
30 µm 4 mm
40 µm 2 mm
40 µm 3 mm
40 µm 4 mm
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a)

b)

c)

d)

Figure 3-7: Photographs of illuminated waveguide tapers. First is
shown a waveguide taper with a 30 µm wide opening and a 2 mm
length from the a) top and b) back edge, and next is shown a
waveguide taper with a 40 µm wide opening from and a 1 mm
length from the a) top and b) back edge
3.3

Y-Branches
Fundamental to the integrated EOD is a multi-channel array. Thus, a structure must be in place

to separate the light into multiple channels while preserving the relative phase from channel to
channel. As mentioned previously, our initial prototypes consist of only two channels. A
straightforward solution to separating waveguides into two channels is the y-branch. This is the
structure we used for our prototypes.
In this chapter we describe our process in designing a y-branch that minimizes loss such that
enough light reaches the end of the waveguide structure to form the desired interference pattern.
Note that z-cut lithium niobate was used for these experiments, where x-cut was used for most
others.
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3.3.1

Y-Branch Architectures

The y-branches we fabricated were composed of two S-curves (or sigmoid curves) mirrored
across the horizontal axis.
Baets and Lagasse [38] suggested four different architectures for S-curved waveguides that are
optimal under different circumstances. For this experiment we tested two of these architectures to
form our y-branches. The first was a connection of two circular arcs. The second was a cosine
based curve represented by the following equation:
𝑦𝑦(𝑥𝑥) =

𝑊𝑊
𝜋𝜋𝜋𝜋
�1 − 𝑐𝑐𝑐𝑐𝑐𝑐 � ��
2
𝐿𝐿

(3-2)

where W is the width of the curve along the y direction and L is the length of the curve along
the x direction. Note that the formula was slightly modified from that which was proposed by Baets
and Lagasse in order to orient the curve correctly. The sine curve suggested by Baets and Lagasse
was not implemented in our experiment because there appears to be a mistake in the formula that
was listed in the paper. The suboptimal curve mentioned in the paper was also not implemented
by us due to its complexity.
A parameter we will use to define our y-branches is the branching angle, α. We define the
branching angle to be the angle from the horizontal axis to a theoretical line that connects the
center of the waveguide just before it starts branching out to the center of the waveguide just after
the it curves back to a horizontal position.

Figure 3-8: Y-branch design with
branching angle α
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3.3.2

Tests and Results

For each of the two S-curve architectures described above (double arc and cosine), two sets of
y-branch structures were created with branching angles of 0.5°, 0.8°, 1.1°, and 1.4°. Specifically,
TMZI structures were used to test the y-branches (see Section 4.1).
The structure design commenced with a 2 mm long waveguide taper that linearly tapered the
lateral width of the waveguide from 30 µm down to 3 µm (though it should be noted that the actual
widths were wider than these designed widths; see Section 3.4). The 3 µm wide waveguide was
then split apart into two 3 µm wide waveguides using either the double-arc or cosine S-curve
architecture at the given branching angle. After propagating a set distance, the branches were
brought back together to close proximity using the same S-curve architecture and at the same
branching angle. Section 4.1 gives a more detailed explanation of the TMZI architecture including
figures.
To determine the efficacy of the different y-branch architectures, we analyzed the light leaking
out the top of the waveguides, and the light propagating from the polished edge of the device.
Table 9.1 shows images of the top and back edge of the device. The images showing the top
face of the device show the streak of light from the waveguides. Relative to these images, light
propagates through these waveguides from the left side to the right side. The images showing the
edge of the device are marked with a blue circle that indicates the portion of the edge of the diffused
waveguide structure. The remaining light in these edge shots is assumed to be lossy light.
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Table 3-3: Images of Illuminated Y-Branch Structures
α/
structure

Set 1 – Top Image

Set 2 – Top Image

Set 1 – Polished Edge

Set 2 – Polished Edge

0.5°
DoubleArc
0.5°
Cosine

0.8°
DoubleArc
0.8°
Cosine

1.1°
DoubleArc

1.1°
Cosine

1.4°
DoubleArc

Note that the 1.4° double arc structures were unintentionally omitted from these devices.
Both the top and edge images were analyzed to identify the shortest y-branch structure (i.e.,
the structure with the largest branching angle) with a satisfactorily small amount of loss.
For the first set of devices observed, the double-arc device with a 1.1° branching angle
produced satisfactory results as far as continuity of light observed in the streak on the top face, and
minimal loss observed on the edge of the device. For the second set, the cosine device with a 1.1°
branching angle produced satisfactory results.
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We also observed that both of these structures created a cosine-like interference pattern on the
far field projection from the edge that is identical to what would be expected for a double slit type
interference pattern. This is evidence that a sufficient amount of light remained confined in the
waveguide to diffract out of the branches that were brought close together at the end. No other
structure created this interference pattern as far as we observed.
We conclude, based on this qualitative analysis, that a y-branch with a 1.1° S-curve branching
angle (or a 2.2° total branching angle) with either a double-arc or a cosine structure is the optimal
structure out of the samples that were tested in this experiment. Since the double-arc structure is
simpler, we predominately implemented it moving forward.

3.4

Finalized Waveguide Structure
The TMZI waveguide structures of Section 4.3, composed of channel waveguides, waveguide

tapers, and y-branches, mark the completion of the waveguide portion of the subsystem design.
Our goal of designing an integrated waveguide device that separates light into two narrow
waveguides and then projects an interference pattern in the far field was successfully
accomplished.
Nonetheless, a reason that these structures were able to accomplish this goal while previous
trials had failed was because the fabricated waveguides ended up being wider than the three
micrometers we had designed them to be (due to the aluminum etchant being heated too high).
This larger width decreased the optical loss, enabling a visible interference pattern to be projected
from the waveguide. As noted in Section 3.1.3, additional experiments later confirmed the smallest
permissible waveguide width given our current diffusion quality.
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Table 3-4 summarizes the waveguide parameters that we decided to implement for our final
prototypes based on the results from Sections 4.1-4.3.
Table 3-4: Summary of Waveguide
Subsystem Parameters Used for Prototypes
Waveguide
Channels
Channel Width

Proton Exchange
Dilution

Proton Exchange
Temperature

Proton Exchange
Time

Proton Exchange
Method

5-7 µm

1.5%

250° C

4 hours

APE (45 minute
annealing at 375° C)

Input Width

Shape

Taper Angle

30 µm

Linear

0.34°

Waveguide Tapers

Y-Branches
Curve Shape

Branching Angle

Double-arc

1.1°

3.5

Electrodes
A critical component of the EO deflector is the electrode structure. In order to modulate the

phase of light confined in a waveguide, an electric field is applied across the waveguide which
changes the refractive index of that material. A perturbed refractive index changes the speed of the
light traveling through the material, therefore altering the phase.
The extent in which the refractive index of a material is affected by a given electric field
depends on that material’s electro-optic tensor. To maximize the effect, the electric field should
be directed in such a way that the largest electro-optic coefficient from the tensor is applied. In the
case of lithium niobate, the r33 coefficient is the largest at about 32 pm/V. To use this coefficient,
the electric field should be applied along the z-axis of the crystal. For an x-cut, y-propagating
crystal, this means that the field runs perpendicular to the waveguide from one side to the other.
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For a z-cut crystal this means that the field runs across the waveguide from the top to bottom (or
vice versa).

3.5.1

X-Cut Electrode Design

To apply an electric field along the z-axis of an x-cut waveguide, the electrodes should be
placed along either side of the waveguide as seen in the cross-sectional image in Figure 3-9.

Figure 3-9: Electrodes on either side of an x-cut LiNbO3 waveguide (not to scale)
In theory, these electrodes could be implemented into our model simply by appending two
rectangular strips of aluminum on either side of at least one of the waveguide branches of the
TMZI. However, with the separation distance between the waveguides in the middle of the
structure being only around 30 µm, we would be left with little room to wire bond within that gap
and connect this electrode to an external voltage source.
As a workaround, we extended this electrode structure somewhat by placing a narrow (~10 µm
wide) aluminum bridge across the waveguide to connect the center aluminum strip to a wider strip
located on the outside of the TMZI structure. This structure together with two embedded TMZIs
are illustrated in Figure 3-10.
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Figure 3-10: Electrode structure for x-cut TMZIs. Orange arrows indicate
direction of electric field.
3.5.2

Z-Cut Electrode Design

There are at least two valid electrode structures for applying an electric field along the z-axis
of a z-cut waveguide.
The first structure consists of electrodes on the top and bottom of the device that send an
electric field across the entire bulk as shown in Figure 3-11.

Figure 3-11: Electrodes on the top and bottom of a z-cut LiNbO3
device for EO modulation (not to scale). This structure is
straightforward to design and fabricate, however, the strength of
the field diminishes proportional to the thickness of the substrate.
This would be the simplest structure as the top electrode simply needs to cover an extent of the
waveguide (or waveguides if it is a multi-channel array as we eventually hope to achieve—see the
configurations in Figure 3.5.3) and the bottom of the device could be completely covered with a
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conductive material to act as the electrode for every waveguide on the device. 4 Furthermore, the
electric field would be aligned with the optical field, unlike with the other structures. However,
the biggest drawback of this method is that the distance between the electrodes is limited by the
thickness of the bulk substrate. We have found that fabrication complexity increases substantially
when working with thin substrates (see Appendix E).
The second structure for electrodes for z-cut waveguides, shown in Figure 3-12, consists of an
electrode directly above the waveguide, and another electrode (or electrodes) a small distance to
either side.

Figure 3-12: Electrodes on top and to the side of a z-cut LiNbO3 waveguide for EO
modulation (not to scale). Designing and implementing this structure would be more
complicated than with the top-and-bottom approach, but it would increase the
electro-optic efficiency significantly, and would diminish the need to work with thin
substrates.
For this case, the electric field is not completely in line with the optical field; however, the loss
of efficiency from this misalignment is well compensated by the fact that the electrodes in this
configuration can be placed much closer to one another than what is possible in the aforementioned
structure.
The EO structures for z-cut lithium niobate as illustrated in Figures 3-11 and 3-12 require a
buffer layer between the electrodes and the lithium niobate waveguides. Otherwise, the electrode
will absorb the light from the waveguide it is in contact with. This buffer layer is normally
4

For the near eye display application this could be a transparent conductor, such as ITO
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composed of an oxide such as SiO2 or Al2O3. We have found through experience that this buffer
layer should be at least 100 nm thick for 1 mm long electrodes. Thicker oxide layers further
decrease optical loss, however they also weaken the EO effect for the case of the architecture in
Figure 3-12, as the field that is more aligned with the r33 direction passes through the oxide rather
than the waveguide.
An alternative strategy that would further decrease optical loss while maintaining maximum
EO efficiency would be to use a non-metallic electrode, such as indium tin oxide (ITO) or graphene
[39]. Non-metallic electrodes could be placed directly on top of the waveguides as shown in Figure
3-13.

Figure 3-13: Transparent electrodes for z-cut electro-optic modulators
While the working EO prototypes described in this report were fabricated in x-cut lithium
niobate, Section 6.3 describes the work we have done and the work we plan on doing to transfer
this work to z-cut lithium niobate. We devote Appendix E to explaining the details of fabricating
devices on thin (100 μm) LiNbO3 substrates which can be used to increase the electric filed by a
factor of ten for the top-to-bottom electrode approach.

3.5.3

Electrode Design for Multi-Channel Arrays

As the number of waveguide channels increases, the electrode structure becomes more
complex. Here we will introduce several electrode design ideas which should allow for equal
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increments of phase shift across the array. This list is not comprehensive, and there may be more
efficient methods already in existence that we do not know about. None of the following designs
had been physically instantiated in our lab at the time this was written.
Simple Staircase-Shaped Electrode
The simplest instantiation would be staircase-shaped electrodes that are interweaved through
the waveguides (for x-cut) or placed on top of the waveguides (for z-cut). These architectures are
depicted in Figure 3-14.
Each “step” in this architecture is of an equal length. This means that the difference in phase,
Δφ, between adjacent channels is the same for any two adjacent channels in the array, just as it
should be. Δφ for the entire array can be modulated by simply changing the applied voltage. Two
mirror electrodes could be placed on each array to allow for deflection in both directions, as
illustrated in Figure 3-14b.
The advantage of this structure is that it allows for each array to be completely controlled by a
single signal. It would also be easy to fabricate, particularly in the z-cut case. The disadvantage,
as described in Section 2.3.4, is that the required voltage for a given deflection angle increases
near-linearly with number of channels. Furthermore, as the number of channels increases, the
amount of phase modulation required in some channels may exceed the threshold for what is
possible with electro-optic modulation in lithium niobate.
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a)

b)
Figure 3-14: The staircase electrode structure is perhaps the
simplest for multichannel devices. For x-cut devices the electrodes
would be intertwined as shown in (a) (Ref. [40], Fig. 8a). For z-cut
devices the electrodes could be placed directly on top as shown in
(b). Note that (b) does not show the grounding electrodes. The
grounding electrodes could either be placed on the bottom side of
the crystal if it is a thin crystal (as is illustrated in Figure 3-11) or
on both sides of the array (as is illustrated in Figure 3-12).
Mirrored Staircase
Another instantiation that would require half the amount of voltage and half the amount of
phase shift as the staircase design is a mirrored staircase design. This design includes two staircaseshaped electrode structures mirrored across the center of the array, as shown in Figure 3-15. The
polarities of the two electrodes are opposite of one another such that one causes forward phase
shift and the other causes backwards phase shift.
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Figure 3-15: The mirrored staircase electrode
structure halves the required voltage and
phase shift for a given deflection angle
The polarity of all the electrodes could be reversed to cause deflection in the opposite direction.
Individually Controlled Electrodes
An alternative electrode design could be to place individually controlled electrodes around
each individual channel [41]. Since phase is cyclic, the controller could ensure that all phase shifts
remain between -π and π. For example, with a six channel device and a Δφ of π/2, the phases across
the channels would be 0, π/2, π, 3π/2, 2π, and 5π/2. If each of these channels was individually
controlled, the phases could be readjusted to be 0, π/2, π, -π/2, 0, and π/2. This would mean that
the voltage would never need to exceed the half-wave voltage (Equation 2-20) and would be
independent of the number of waveguides.
One downside of this architecture is that it would require extra computational complexity.
Another downside is that it would complicate the fabrication process significantly. Rather than a
couple of all-encompassing electrodes, many electrodes would need to be carefully positioned
around each individual channel without touching any of the other electrodes that are positioned
very closely. Each individual electrode would also need to be wired out to an external PCB, which
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could require more space than is available on these chips. A final downside is that the signals from
closely positioned waveguides would interfere with one another.

Figure 3-16: An optical phased array with
individually controlled channels. The phase shift
in this case could be kept within the bounds of -π
and π at the cost of more complicated fabrication
and computation (Ref. [42], Fig. 2)
Semi-Individual Electrodes
The final design described for this report is a compromise between the above architectures. It
is a series of small staircases which follow individually controlled phase shifters. Each shifter
manages its voltage based on the phase that the previous staircase ended on. If the phase shift of
the next staircase in line is greater than 2π, the phase can wrap back around.
This allows for phase control within a more reasonable voltage and modulation range, while
limiting the number of individually controlled electrodes that need to be fabricated. Specifically,
the maximum phase shift that will need to be induced upon a waveguide to reach the entire halfwave deflection range is 𝑀𝑀𝑀𝑀, where M is the number of channels covered per electrode. The
required number of individually controlled electrodes will be 𝑁𝑁⁄𝑀𝑀 + 2, where N is the total
number of channels.
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Figure 3-17: Small staircase electrodes following individually
controlled phase shifters over a small group of channels. This
structure is a compromise between fabrication complexity
and maximum required phase shift.
3.5.4

Lensing Electrode

One final electrode structure that could be implemented into the structure is a lensing electrode,
an example of which is shown in Figure 3-18.

Figure 3-18: Example lensing electrode structure.
These electrodes might simulate diverging or
converging lenses
The lensing electrode could be placed in series with the deflecting electrode to focus the light
as it diffracts into free space and thus facilitate vertical accommodation. Figure 3-18 contains two
electrodes that might simulate both diverging and converging lenses, and that could therefore
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generate both real and virtual points. The focal point of this EO lens could be dynamically
modulated by changing the voltage of the lensing electrodes.
The effect that adding a lensing electrode has on the number of resolvable points is not
discussed in this thesis.

70

CHAPTER 4.

SINGLE-AXIS EOD PROTOTYPE

To verify the EO concept, we fabricated and tested basic two-channel EODs in lithium niobate.
The two-channel geometry, which we will call a truncated Mach-Zehnder interferometer (TMZI),
is a simplified instantiation of a one-axis phased array.
TMZIs were fabricated on both x-cut and z-cut lithium niobate. The proper interference pattern
projected from the edges of waveguides from both crystal types. We achieved EO deflection from
the deflector fabricated in x-cut lithium niobate.

4.1

TMZI Structure
Figure 4-1 illustrates the TMZI architecture we created. The TMZI is structurally similar to an

integrated Mach-Zehnder Interferometer. The key difference is that the two waveguide branches
do not merge back together; rather, they are brought to close proximity at the polished substrate
edge. At the polished edge, the light in the two waveguides diffracts out into free space in a doubleslit-like pattern.
The main lobe of the diffraction pattern can be made to deflect by modulating the phase of one
of the branches relative to the other. This phase shift is achieved through electro-optic modulation
induced by aluminum electrodes deposited onto the substrate. Since the anisotropic waveguides
we fabricated for this prototype were y-propagating in x-cut lithium niobate, the strongest electrooptic effects were achieved when the electric field ran laterally across the waveguide (in the z-
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Figure 4-1: TMZI architecture used for testing EO deflection on lithium
niobate
direction). Thus, the electrodes were deposited laterally, on either side of one of the waveguide
branches, as described in Section 3.5.1.

4.2

Device Parameters
We fabricated an array of four TMZIs with varying parameters on x-cut lithium niobate. The

waveguide diffusion was executed through annealed proton exchange. The melt was diluted with
a 1.5% part lithium benzoate and diffused at 250° C for four hours. They were then annealed for
45 minutes at 375° C.
Recognizing that the actual dimensions of our device were likely a bit different than what we
designed them to be, we measured the actual dimensions using a microscope and a computer
software. The following table shows the measured values of our x-cut test apparatus. The
parameters referenced in the table are labeled in Figure 4-2 for clarification.
Table 4-1: Measured Dimensions for X-Cut TMZI Devices
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Parameter
Waveguide lateral widths
Branching angle
Intermediate region length
Intermediate separation distance
End separation distance
Electrode length
Electrode separation distance

Symbol
from Fig.
4-2
w
α
L
d
z
e
s

TMZI 1

TMZI 2

TMZI 3

TMZI 4

6 µm
1.1°
711 µm
29.75 µm
14.75 µm
NA
NA

8 µm
1.1°
681 µm
29 µm
17 µm
926 µm
70 µm

9.5 µm
1.1°
583 µm
29 µm
18.25 µm
899.3 µm
49 µm

12 µm
1.1°
399 µm
29 µm
20.75 µm
1040 µm
48 µm

Figure 4-2: TMZI with labeled parameters
We also appended a waveguide taper to the front end of the device that linearly reduced the
width of the waveguide from a 34-40 µm opening down to its final lateral width.

4.3

Far Field Pattern
In Figure 4-3 we show a photograph of diffraction patterns that projected from a couple of the

z-cut devices we fabricated (left) alongside the modeled projection pattern (right) which is based
on the Fraunhoffer model that was derived in Section 2.3.
These waveguides on these z-cut arrays were 7 µm wide and were separated by 23 µm and 9
µm, respectively. For both of the images of the real far field patterns, the camera was positioned
the same distance (approximately 20 cm) from the projection plane.
As expected, when the separation distance was decreased, the fringes became wider and further
apart. In the next section we will quantify the error between the modeled and actual half-wave
deflection angle, which is directly related to fringe separation.
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Figure 4-3: Comparison of actual (left) and modeled (right) far field diffraction
patterns from z-cut channel arrays that are composed of waveguides that are 7
µm wide and whose separation distances are: a, b) 23 µm, and c, d) 9 µm
However, one difference that is visually evident from these images is that the sinc envelope
seems less restrictive in reality than it is in the model. In other words, a wider range of fringes are
visible in the actual far field image. A couple of potential explanations for this are 1) the sensors
on the camera are more sensitive to the lower intensity light than what is portrayed from this
modeled representation which displays intensity on a linear color scale, and 2) the approximation
we made in the analytical Fraunhoffer model of a rectangular aperture is inadequate.
Granted, in Section 2.4 an FDTD model is demonstrated that does account for the modal nature
of the light inside the waveguides, and the far field projects generated from this model look quite
similar to those of our analytical model. One aspect that we did not model either numerically or
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analytically is the post-annealing index profile of the waveguides which is gaussian rather than
step-like [19]. However, the gaussian index profile is reported to be along the depth axis of the
waveguide which should not affect the sinc envelope along the axis of deflection.
Regardless of the reasons for this, we again compared these far field patterns to the modeled
far field patterns that would diffract from a gaussian aperture source (as is briefly described in
Section 2.3.3).
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Figure 4-4: Comparison of actual far field patterns (left) with those from
a model using gaussian waveguide profiles (right). The waveguides are 7
µm wide and their separation distances are: a, b) 23 µm, and c, d) 9 µm
This model better represented the sinc envelope than the previous rectangular-aperture model.
This could either be because the gaussian profile better portrays the intensities as perceived by the
eyes and by cameras, or because it is a better representation of the waveguides.
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4.4

Half-Wave Deflection Measurements
We measured the half-wave deflection angle of the TMZI devices by measuring half the

distance between adjacent fringes on the far field pattern, and then converting that measurement
to degrees based on how far the projection plane was from the edge of the device.
Figure 4-5 shows the half-wave deflection angles of the four TMZI devices as a function of
waveguide separation distance (which, based on Equation 2-12, should be the parameter that
effects half-wave deflection angle). The figure also contains a curve showing the theoretical halfwave deflection angles based on Equation 2-12.
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Figure 4-5: Half-wave deflection angle as a function
of waveguide separation distance for initial EOD
prototype compared to modeled values.
In the worst case, the experimental result differed by about 0.2°, or 16%, compared to the
corresponding theoretical result. In the best case, the measured error was lower than our
measurement resolution. The mean error of the four devices was 0.1°. The discrepancies can likely
be attributed to errors in measurement, both of the device parameters, and of the deflection angle.
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4.5

Deflection as a Function of Voltage
We applied 100, 125, and 150 volts DC across the electrodes of one of our TMZI devices

(TMZI 2 from Table 4-1). We observed that the light quickly deflected up a certain amount, and
then slowly eased up a certain amount further. We then switched the polarity of the electrodes and
observed that the light deflected in the opposite direction less than what was theoretically expected.
Specifically, the light quickly deflected down a certain amount, and then slowly eased back
towards a resting position by a certain amount.
In Figure 4-6 we plot both the upward deflection angles and the downward deflection angles
from our trials. We also plot the mean of the upward and downward deflection angles, which can
also be thought of as half of the total deflection range. The theoretical deflection angles are also
plotted based on Equation 2-15. For this theoretical trend we assumed ideal conditions (𝑟𝑟33 =

32 𝑝𝑝𝑝𝑝/𝑉𝑉, 𝛤𝛤𝑤𝑤𝑤𝑤 = 1)
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Figure 4-6: Experimental and theoretical deflection
angles for TMZI device
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We did not initially expect that the upward and downward deflection angles would be different
from one another, or that the upward deflection angles would be even greater than the theoretical
in some cases. We attribute this to two different effects. First, we have since discovered that
electro-optic devices require a DC bias to correct for the modulation variances due to thermal and
mechanical disturbances. Second, we saw evidence that the crystal is experiencing a sort of
relaxation effect. EOMs are typically driven by AC signals (with a DC bias) to overcome this
effect, where we just used a straight DC signal. Section 6.5.3 describes these things in more detail.
With these supposed causes for these unusual trends in mind, we presume that the mean of the
upward and downward deflection angles is characteristic of the deflection we would expect in
either direction in the absence of these unwanted effects.
With this supposition in mind, we can say that the average deviation of the mean error between
these three different measurements was 0.2°. The largest deviation, at 100 V, was 0.3°, or 34%
from the theoretical, and the smallest deviation, at 150 V, was 0.1°. or 10%. This suggests that the
EOD was 66% to 90% efficient, electro-optically speaking.
It was expected that the experimental deflection would be less than the theoretical deflection
for a given applied voltage because we used ideal parameters to derive the theoretical. In reality,
some degradation of the 𝑟𝑟33 parameter is likely from proton exchange, and the correction factor
(Γwg) should be less than one.

To confirm the validity of these results, we should repeat these tests using an AC signal with
a DC bias.
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CHAPTER 5.

DUAL-AXIS AO/EO DEFLECTOR PROTOTYPE

Having created a working EOD prototype, our next quest was to combine this EOD
architecture with the established AOD architecture to prove the AO/EO deflector concept in which
this thesis centers on. Since our goal with this initial AO/EO prototype was only to prove the
concept, we constructed basic, two-channel structure. We were not concerned with optimization,
which will be discussed in the next chapter.

5.1

Device Structure and Operation
As with the EOD prototype of the previous chapter, the waveguide structure of this initial

AO/EO deflector was composed of a waveguide taper and a y-branch. The waveguide taper had a
30 µm wide opening and funneled the waveguide width down to 5 µm. The taper angle was 0.43°.
Unlike with the EOD, the y-branch split the branches out to the final separation distance at
which they propagated until they came to a stop. The waveguides were not brought to the very
edge of the device. Instead, interdigital transducers (IDTs) were placed near the edge of the device
from which surface acoustic waves (SAWs) were generated. These SAWs forced light out from
the waveguides and into the substrate bulk in the form of leaky-modes. This device architecture is
illustrated in Figure 5-1.
We created the device on x-cut lithium niobate and as such, EO electrodes were placed in the
transverse direction on either side of one of the branches.
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Figure 5-1: Diagram of our initial AO/EO prototype
The frequency of the RF signal applied to the IDTs determined the angle at which light
propagated out of the waveguides. The voltage applied to the EO electrodes determined the
deflection angle of the light diffracting from the two waveguides.

5.2

Results
Three AO/EO devices were fabricated and tested with 37, 21, and 13 µm separation distances,

respectively, between the two branches. We applied a 1W RF signal and a double-slit diffraction
pattern was visible from the device with a 13 micrometer separation distance, but not the other two
devices.
We applied a voltage to the EO electrodes of the 13 micrometer separation device, and clear
vertical deflection was observed. We altered the frequency of the RF signal and clear horizontal
deflection was observed.
We have no definite answer as to why the leaky-mode-based diffraction patterns of the 37 and
21 µm separation distance devices could not be seen. Both AO and EO deflection could be realized
independently for these two devices: EO deflection was realized in the light that diffracted directly
from the ends of the waveguides. AO deflection was seen from light that did not originate from
the two channels, but rather it was from the slab waveguide region and the waveguide taper. But
there was no double-slit-like diffraction pattern induced into the far field by the SAW signal. A
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reasonable hypothesis is that optical loss was too high in these two devices: While enough light
diffracted from these channels to form the interference pattern directly from the waveguides, and
while enough light was present in the slab waveguide and waveguide taper to be visible from
leaky-mode diffraction, a lesser amount of light was present from the two-channels in the leakymode, and it was not intense enough to be perceived visually.
Fortunately, the light from the two channels that were situated 13 µm apart was bright enough
after being transferred to the leaky-mode such that the deflecting diffraction pattern was visible.
The remainder of this section will report on the output of this device.

5.2.1

Deflection Images

Figure 5-2 shows the beam of the AO/EO device at different vertical and horizontal states. An
applied voltage of 80 V to the EO electrodes deflected the light downwards by 1.5° or so and a
change in frequency of 10 MHz to the AO transducers deflected the light horizontally by 2°.
You may notice that in this image additional artifacts are manifest. For example, near the top
a bright spot moves horizontally with the AO induced deflection but does not move vertically
when EO is induced. This spot is almost certainly from the waveguide before it was split into two,
including the light in the slab waveguide portion and the waveguide taper.
Note that for these images a polarizer was positioned in front of the device to block light that
was not from the leaky-mode [1] including noisy light and another interference pattern from light
diffracting directly out of the ends of the waveguides (an interference pattern that looks more like
those seen in Section 4.3).
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EO: 0V

AO: 395 MHz

EO: 0V

AO: 385 MHz

EO: 80V

AO: 395 MHz

EO: 80V

AO: 385 MHz

Figure 5-2: AO/EO deflector projected beam at four different horizontal and vertical
positions.
5.2.2

Horizontal (AO) Deflection Angle

The interference pattern was visible across about a 6° horizontal deflection range. The applied
RF frequencies that covered this range were 380 MHz to 410 MHz. The light deflected by about
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1° in response to a frequency change of 5 MHz. The light was brightest between 385 MHz and
395 MHz—a deflection range of 2°.

5.2.3

Vertical (EO) Deflection Angle

Half-Wave Deflection Angle
The measured half-wave deflection angle in the vertical direction was about 1.5°, suggesting
a total deflection range of 3°. According to Equation 2-23, the theoretical half-wave deflection
angle for an AO/EO device with a 13 µm separation distance and 640 nm light is 1.4°. With more
accurate measurements we may find the measured value to be closer to the theoretical.
Deflection Angle vs. Applied Voltage
As with the single-axis EOD prototype we created, we did not see consistent result with the
deflection angles for applied voltages. For example, light would deflect more in one direction than
in the other direction when polarities were reversed. We also witnessed the relaxation effect again;
the light would deflect some amount when the voltage was first applied and then it would relax
back towards the center, even when the voltage persisted. We again attribute these things to our
using a straight DC signal rather than an AC signal with a DC bias.
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CHAPTER 6.

OPTIMIZATIONS

Having fabricated a working AO/EO deflector in lithium niobate, we have proven the concept.
But our results are not optimal. We will return to the concepts learned from our theoretical findings
in Chapter 2, our experimental findings from Chapters 3 through 5, as well as published material
to establish the next steps towards optimizing this deflector for holographic video display
applications. While we have already done some of this optimization work, other work still remains
to be done.

6.1

Optimization Overview
The four optimization steps that will be discussed in this section are 1) increasing the number

of waveguide channels, 2) decreasing the separation distance between waveguides, 3) fabricating
narrower waveguides, and 4) improving the electro-optic effect. Each of these optimizations
requires tests and down-selections to arrive at the best end solution. Figure 6-1 contains a flowchart
that shows these four optimizations and many of the tests and down-selections that should be
carried out for each one.
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Figure 6-1: Flowchart of optimization tasks
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6.2

Increase the Number of Channels in an Array
As explained in Section 2.3.4, a two-channel device can only support two resolvable points. A

functional holographic video display will need more channels to narrow down the beam and
increase the number of resolvable points.

6.2.1

Past Work

As an initial attempt to separate light into multiple channels, we have tested injecting light
directly into the channel array from the source beam. Since the beam of light that is initially
coupled into the slab portion of the device (before being coupled into the waveguides) is about 1
mm wide, it is plenty wide to cover all of channel waveguides of a multichannel device
simultaneously. We tested this method with arrays of 2, 4, and 6 adjacent waveguides, and with
varying separation distances between the waveguides (meaning in some cases the waveguide
tapers overlapped one another).

Figure 6-2: Initial test of coupling an input beam
directly into an array of waveguides
The results of this experiment are shown in Table 6-1. It shows the parameters of the device, a
photograph of the edge of the waveguides, an image of the far field diffraction pattern, and an
image of the analytical far field diffraction pattern. We used the gaussian model to generate these
images since it seems to better depict reality (see Section 4.3). The distinct, bright spots at the edge
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of the waveguides which are equal in quantity to the number of channels suggests that light makes
it to the edge of the waveguides. However, the far field images were rather messy.

Table 6-1: Photos of the Back Edge, Photos of the Far Field
Projection and Figures of the Modeled Far Field Projection for
Various Waveguide Array Structures
No.
wgs
2

Sep.
dist.
10 µm

Photo of edge

Far field photo

Analytical far field
20

15

10

5

degrees

0

-5

-10

-15

-20
-20

-15

-10

-5

0

5

10

15

20

5

10

15

20

5

10

15

20

5

10

15

20

5

10

15

20

5

10

15

20

5

10

15

20

degrees

2

15 µm

20

15

10

5

degrees

0

-5

-10

-15

-20
-20

-15

-10

-5

0

degrees

2

25 µm

20

15

10

5

degrees

0

-5

-10

-15

-20
-20

-15

-10

-5

0

degrees

2

35 µm

20

15

10

5

degrees

0

-5

-10

-15

-20
-20

-15

-10

-5

0

degrees

4

10 µm

20

15

10

5

degrees

0

-5

-10

-15

-20
-20

-15

-10

-5

0

degrees

4

15 µm

20

15

10

5

degrees

0

-5

-10

-15

-20
-20

-15

-10

-5

0

degrees

25 µm

15

10

5

0

degrees

4

20

-5

-10

-15

-20
-20

-15

-10

-5

0

degrees
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4

35 µm

20

15

10

5

degrees

0

-5

-10

-15

-20
-20

-15

-10

-5

0

5

10

15

20

5

10

15

20

5

10

15

20

5

10

15

20

5

10

15

20

degrees

6

10 µm

20

15

10

5

degrees

0

-5

-10

-15

-20
-20

-15

-10

-5

0

degrees

6

15 µm

20

15

10

5

degrees

0

-5

-10

-15

-20
-20

-15

-10

-5

0

degrees

6

25 µm

20

15

10

5

degrees

0

-5

-10

-15

-20
-20

-15

-10

-5

0

degrees

6

35 µm

20

15

10

5

degrees

0

-5

-10

-15

-20
-20

-15

-10

-5

0

degrees

6.2.2

Multi-Mode Interferometer

A more systematic structure for multiplexing that may yield cleaner results is a multi-mode
interferometer, or MMI, in which the light from the original channel is coupled into a wide multimode region. The parameters of the multi-mode region are specially chosen such that light couples
into the desired number of channels at the end of it. Figure 6-3 demonstrates a simulated MMI.
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Figure 6-3: Simulated 1x4 MMI (Ref. [43], Fig. 22).
1x2 and 1x4 MMIs have been reported as having been fabricated in lithium niobate [43].
Multiplexing into a higher number of channels is usually brought about by forming a tree of 1x2
MMIs [30, 44].
We are currently in the process of modeling, fabricating, and testing MMIs for future use in
AO/EO deflectors.

6.2.3

Other Multiplexing Solutions

A star coupler is another solution that we have seen in literature that may be viable [45].
Finally, we have looked into fabricating waveguide tap couplers. These would consist of a
master waveguide that runs perpendicular to the rest of the channels. The master waveguide would
contain a series of ion beam milled Bragg gratings [46] oriented 45° from the direction of
propagation. A Bragg grating would be positioned at the mouth of each channel such that it sends
some of the light from the master waveguide into each of the individual channels.
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6.3

Decrease the Waveguide Channel Separation Distance
In Chapters 4 and 5 we tested deflection devices with waveguide separation distances that

ranged from 13 to 21 µm. We have the capacity to fabricate waveguides with smaller separation
distances. Recall that one of the big inhibitors of small separation distances is the width of the
waveguides, since the channel separation distance is defined as the distance between the centers
of adjacent waveguides (see Figure 2-18). Our waveguides are currently 5 microns wide, so we
could fabricate devices with separation distances at least as small as 6 microns. Achieving
separation distances that are smaller than 6 µm would require narrower waveguides, which is
discussed in Section 6.4.
Another inhibitor of small separation distances are the electrodes that currently need to reside
in between the waveguides for EO modulation x-cut lithium niobate. We should eventually
transition to z-cut lithium niobate so that the electrodes can be placed on top of the waveguides
rather than in between them. Section 3.5.2 describes in depth what we would need to do for that,
including depositing an oxide layer beneath the electrodes.

6.4

Fabricate Narrower Waveguides
As we have explained, narrower waveguides are advantageous because they 1) exhibit fewer

modes (see Section 2.2) and 2) permit smaller separation distances.
At this point, how narrow a waveguide can be is mostly restricted by optical loss from edge
effects. Narrower waveguides exhibit higher loss. We will discuss strategies for decreasing loss
below.
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6.4.1

Diffusion Methods

In an effort to find a low-loss diffusion method, we performed an extensive loss test on z-cut
lithium niobate for various diffusion parameters. We found a diffusion method (3% lithium
dilution at 275° C for 7-8 hours) that decreased loss from about 25 dB/cm down to <5dB/cm for
channel waveguides. This experiment and the accompanying results are recorded in Appendix F.
However, we later tried to create an AO/EO deflector in x-cut lithium niobate using these
diffusion parameters and found that it did not deflect. Our assumption was that this new diffusion
technique totally annihilated the electro-optic properties of our crystal, rending it useless for our
purposes.
It would be useful to do some follow up experiments to find a diffusion method that was both
low loss and that strongly preserves the nonlinear properties—particularly EO and AO properties.
For example, the lowest loss results from the study recorded in Appendix F could be tested for
retention of nonlinear properties. We could also seek to align our techniques more closely to those
recorded in literature.
For example, soft proton exchange (SPE) was recorded to have retained nonlinear properties.
It was executed by diffusing waveguides in a 3% lithium dilution melt at 300° C for 18 hours [47].
We thought we were using soft proton exchange when doing our 3% and 275° C trials. However,
perhaps that extra 25° and the additional 10 hours of diffusion makes the difference in transitioning
the crystal into the correct phase.
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6.4.2

LNOI

The best option for reducing loss may alternatively be to seek a more efficient method than
diffused waveguides, such as very high-index-contrast ridge waveguides on thin film lithium
niobate on insulator (LNOI) [48, 49].

6.5

Improve the Electro-Optic Effect

6.5.1

Electrode Optimization

The electrodes we based our prototypes on were not optimal. They were around 1 mm long
and the separation distance between hot and ground electrodes was 30 to 70 µm. One thing we
could do now is bring the electrodes closer together. With 5 µm wide channels, the amount of
voltage required for a given deflection angle could be made to be as much as 10 times lower simply
by positioning the electrodes closer to the waveguides. The main concern with doing that is that
evanescent light from outside of the waveguides might be absorbed as the electrodes move closer.
This might be mitigated with the introduction of a buffer layer.
A buffer layer eventually must be incorporated into the architecture either way when we
transition to z-cut lithium niobate (or if not, transparent electrodes). When we transition to z-cut
lithium niobate we will also need to consider the best way to position electrodes transversely,
whether that be on top and bottom of a thin substrate, or on top and to the side (adjacent) of the
waveguide array (see Section 3.5.2).

6.5.2

Electro-Optic Efficiency

As explained in Section 4.5, the electro-optic effect is 66% to 90% effective when using the
1.5% dilute APE method at 250° C from what we could decipher. One reason that this efficiency
92

is not 100% is because proton exchange tends to diminish the electro-optic properties of the
material. While annealing should restore these properties [32], some researchers have reported
only partial [50] or even no [51] restoration of these properties upon annealing. This broad
discrepancy is likely due to the fact that the efficacy of annealing is strongly dependent on various
factors such as the orientation of the lithium niobate waveguides, and the annealing time [34].
For most devices, we must also consider the fact that the optical and electric fields are not
perfectly in line (as illustrated in Figures 3-9 and 3-12), meaning the correction factor in Equation
2-14 should actually be some number less than one, reducing the total efficiency of the device.
It would be useful to obtain a more exact metric and then seek ways to improve electro-optic
retention through proton exchange. As described in Section 6.4.1, this should be a follow-up study
to the one in Appendix F that analyzes the nonlinear retention in the low-loss diffusion techniques.
Further study of technical papers can provide additional techniques. The hope is that we can find
a diffusion method that is low-loss and that possesses strong nonlinear properties.
Along with reducing loss as described above, LNOI could be a solution for increasing the EO
effect. LNOI would allow for stronger EO properties because there would be no reduction in the
𝑟𝑟33 coefficient as a result of diffusion [7, 48, 49, 52].
6.5.3

Electro-Optic Accuracy

We must also confront the inconsistent electro-optic behavior we observed, which we reported
on in Section 4-5. Again, we believe this is due to both a relaxation effect and mechanical/thermal
disturbances.
The relaxation effect occurs with a straight DC signal, which is what we used. With time,
deflection decreases. In the future, AC signals should drive our devices to prevent this effect.
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Furthermore, most EOMs have a dynamic DC bias signal to account for a drifting effect from
mechanical and thermal disturbances. We found in our experiment that deflection was stronger in
one direction than the other. This aligns with observations other researchers have made. These
researchers have concluded that EOMs are sensitive to mechanical and thermal disturbances, and
that this causes an EO drifting effect.
For example, Figure 6-4 shows the transmission curve from an EOM at two different times.
The researchers did not do anything besides wait for 30 minutes before measuring the second
transmission curve. During this time, the null point of the transmission curve drifted from -0.8 V
to 0.6 V.

Figure 6-4: Two transmission curves for the
same EOM measured 30 minutes apart
illustrating the drift effect (Ref. [53], Fig. 4)
The most common solution for this issue is a feedback control system that senses the actual
deflection angle and then corrects for the error by adjusting the DC bias signal [53].
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CHAPTER 7.

CONCLUSION

This research has set the stage for a full-parallax holographic video display using AO/EO
technology. While both AO and EO integrated deflection devices have been independently
reported in previous literature, we know of no research that integrates them together in one for 2D
scanning, particularly as a medium for holographic displays.
We reported on modeled results that demonstrate the capacity of the proposed EO modulator
addition. Our models show that we can design for the half-wave deflection angle, the zero-order
diffraction efficiency, and the number of resolvable points by optimizing the waveguide separation
distances, and the waveguide widths, and the number of waveguides per channel array. We can
determine the amount of deflection that occurs per applied volt through the electrode structure.
Based on these models, we determined that an optimized AO/EO modulator should have a
24.5° total deflection range in the EO axis. The entire extent of this range should be accessible
within the half-wave voltage, 7.5 V. It should be capable of displaying at least 32 resolvable points
along the EO axis.
We fabricated a simple EO modulator in x-cut lithium niobate and compared its half-wave
deflection angle with the modeled values. We found that in the worst case, the experimental result
differed by about 0.2°, or 16%, compared to the corresponding theoretical result. In the best case,
the error was smaller than we could accurately measure. The mean deflection for given voltages
was within 0.3° (or 34%) and 0.1° (or 10%) of the theoretical value. This suggests that the EOD
was 66% to 90% efficient, electro-optically speaking, though the accuracy of these measurements
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is not certain. To confirm these results, we should repeat these measurements using an AC signal
with a DC bias to eliminate the unwanted drift and relaxation effects.
We then fabricated what was, to our knowledge, the first working AO/EO two-axis deflector.
This initial prototype had a 6° deflection range in both the horizontal (AO) and vertical (EO)
directions. The EO array only consisted of two channels, suggesting that it could display two
resolvable points.
This device did not meet target output parameters that we determined to be possible based on
our models, nor was it intended to. However, we have a clear path forward for optimizing our now
functional AO/EO deflector. This includes plans to create deflectors with more channels per array,
to narrow the channels and bring them closer together, and to improve the electro-optic efficiency
and accuracy of our devices.
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APPENDIX A.

LUMERICAL SCRIPT FOR SIMULATED WAVEGUIDES

The following scripting code was used to generate a model for analyzing the mode profile of
a given waveguide in the Lumerical MODE module, as reported on in Section 2.2. For this
simulation, the lithium niobate and proton exchange lithium niobate materials will need to be
imported into the materials database. Also note that after running the simulation, you should order
the list of modes by area (smallest area first) and that should bring the modes that are confined to
the waveguide to the top of the list.

#Lumerical MODE script for analyzing lithium niobate waveguides
clear;
xcut = true; #Otherwise it models z-cut

EO_modulator = false; #Simulate an EO modulator
wavelength = 640e-9;

frequency = c/wavelength;

num_modes = 200; #number of modes to solve for
#Waveguide dimensions
wg_length = 2e-6;
wg_width = 2e-6;

wg_depth = 0.6e-6;
#Cladding dimensions
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clad_length = wg_length;

clad_width = wg_width*50;
clad_depth = wg_depth*50;
#FDE solver dimensions and position
solver_width = 12e-6;
solver_xpos = 0;

solver_depth = 4.5e-6;

solver_zpos = 0.5e-6-solver_depth/2;
solver_ypos = 0;

#EO modulator parameters (if modeling EO)
voltage = 160; #Voltage in volts

EO_sep = 100e-6; #Separation distance of electrodes
r33 = 31e-12; #Electro-optic coefficient
if (xcut) {

if (EO_modulator) {

clad_material = "EO LiNbO3 x-cut";

core_material = "EO LiNbO3 PE x-cut";

clad_material_rest = "LiNbO3 x-cut - Zelmon";

}

core_material_rest = "LiNbO3 PE x-cut - Zelmon";

else {

clad_material = "LiNbO3 x-cut - Zelmon";

}

core_material = "LiNbO3 PE x-cut - Zelmon";

} else {

if (EO_modulator) {

clad_material = "EO LiNbO3 z-cut";

core_material = "EO LiNbO3 PE z-cut";

clad_material_rest = "LiNbO3 z-cut - Zelmon";
}

core_material_rest = "LiNbO3 PE z-cut - Zelmon";

else {
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clad_material = "LiNbO3 z-cut - Zelmon";

}

}

core_material = "LiNbO3 PE z-cut - Zelmon";

if (EO_modulator) {

#turn this into a function with parameters the two names above and
the three EO values
temp = addmaterial("Dielectric");

setmaterial(temp,"name",clad_material);

setmaterial(clad_material,"Anisotropy",1);

clad_index_x = getindex(clad_material_rest,frequency,1);
clad_index_y = getindex(clad_material_rest,frequency,2);
clad_index_z = getindex(clad_material_rest,frequency,3);

index_change_z = 0.5*(clad_index_z^3)*r33*voltage/EO_sep;
clad_index_z = clad_index_z + index_change_z;

clad_index = [clad_index_x,clad_index_y,clad_index_z];

setmaterial(clad_material,"Refractive Index",clad_index);
temp = addmaterial("Dielectric");

setmaterial(temp,"name",core_material);

setmaterial(core_material,"Anisotropy",1);

core_index_x = getindex(core_material_rest,frequency,1);
core_index_y = getindex(core_material_rest,frequency,2);
core_index_z = getindex(core_material_rest,frequency,3);
core_index = [core_index_x,core_index_y,core_index_z];

index_change_z = 0.5*(core_index_z^3)*r33*voltage/EO_sep;
core_index_z = core_index_z + index_change_z;

core_index = [core_index_x,core_index_y,core_index_z];
}

setmaterial(core_material,"Refractive Index",core_index);

switchtolayout;
deleteall;
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#cladding geometry
addrect;

set("x",0);

set("x span",clad_width);
set("y",0);

set("y span",clad_length);
set("z",-clad_depth/2);

set("z span",clad_depth);

set("material",clad_material);
set("name","LN cladding");
set("color opacity",0.6);
#waveguide geometry
addrect;

set("x",0);

set("x span",wg_width);
set("y",0);

set("y span",wg_length);
set("z",-wg_depth/2);

set("z span",wg_depth);

set("material",core_material);
set("name","LN core");
#create FDE solver
addfde;

set("solver type",2); #2D Y Normal
set("x",solver_xpos);

set("x span",solver_width);
set("y",solver_ypos);
set("z",solver_zpos);

set("z span",solver_depth);

set("define x mesh by","maximum mesh step");
set("define z mesh by","maximum mesh step");
set("dx",1e-7);
set("dz",1e-7);

108

addmesh;

set("name","mesh_waveguide");

set("based on a structure",1);
set("structure","LN core");
set("buffer",0.5e-6);

# enable in X direction and disable in Y,Z directions
set("override x mesh",1);
set("override y mesh",0);
set("override z mesh",1);

# restrict mesh by defining maximum step size
set("set maximum mesh step",1);
set("dx",1e-8);
set("dz",1e-8);
select("FDE");

set("wavelength",wavelength);

set("number of trial modes",num_modes);
n = findmodes;
neff = matrix(1,n);
ng = matrix(1,n);
for(md=1:n){

md_name = "mode" + num2str(md);

neff(1,md)=getresult(md_name,"neff");
}

ng(1,md)=getresult(md_name,"ng");
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APPENDIX B.

MATLAB SCRIPT FOR SIMULATED EO DEFLECTION

The following code is a MATLAB instantiation of the Fraunhoffer model derived in Section
2.3.
%calculate the far field pattern from multiple waveguides approximated
by rectangular slits using the Fraunhofer approximation
clear
close all
%PARAMETERS
N = 16;
w = 1e-6;
d = 1.5e-6;
h = 0.66e-6;
lambda = 640e-9;
z = 21e-3;
delta_phi = 0;

%Number of waveguides (assumed to be an even number)
%lateral width of the waveguides
%distance between the centers of the waveguides
%height (diffusion depth) of the waveguides
%wavelength
%distance from waveguides to projection plane
%phase difference between any two adjacent waveguides

display_actual_colors = false; %Display far field pattern colors based
off of lambda? Or default colors?
xpts_close = 200; %Number of points in the x-direction—aperture image
ypts_close = 100; %Number of points in the y-direction—aperture image
xpts_farfield = 1500; %Number of points in the x-direction--far field
image
ypts_farfield = 1000; %Number of points in the y-direction--far field
image
degreelim = 50;
%Range of far field to be displayed, in degrees
half_wave_deflection_angle = atand(lambda/(2*d)); %Deflection angle
for half phase shift, in degrees
deflection_angle = (delta_phi/pi) *
half_wave_deflection_angle %deflection angle for given phase shift
if d-w <= 0
warning('Distance between waveguide centers is too small for
waveguides of given width (waveguides overlap)');
end
% Check if Fraunhofer approximation holds
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if ((w/2)^2)/(lambda*z) > 1
warning('Fraunhofer approximation does not hold');
elseif ((w/2)^2)/(lambda*z) > 0.5
warning('Fraunhofer approximation may not hold');
end
%COLORMAP
if (display_actual_colors)
colormap_res = 213;
color_map = generateColormap(lambda, colormap_res);
else
colormap_res = 255;
color_map = 'default';
% color_map = hot;
end
%WAVEGUIDE PLANE FIELD PROFILE
x = linspace(-(d)*N/2,(d)*N/2,xpts_close);
y = linspace(-h*3,h*3,ypts_close);
[X,Y] = meshgrid(x,y);
wg_profile = zeros(ypts_close,xpts_close);
for n = 1:N/2
wg1 = rect((X+(d)*(n-0.5))./w).*rect(Y./h).*...
exp(-1j*((delta_phi/2)*(N-1)-delta_phi*(2*n-1)));
wg2 = rect((X-(d)*(n-0.5))./w).*rect(Y./h).*...
exp(-1j*((delta_phi/2)*(N-1)+delta_phi*(2*n-1)));
wg_profile = wg_profile + wg1 + wg2;
end
%plot waveguide field profile
figure;
imagesc(y.*10^6,x.*10^6,real(wg_profile).');
colormap(gray);
set(gca,'YDir','normal')
hold on
xline((10^6)*h/2,'Linewidth',2,'color','g');
title('waveguide profile');
xlabel('\mum');
ylabel('\mum');
%FAR FIELD
x = linspace(-z*tand(degreelim),z*tand(degreelim),xpts_farfield);
y = linspace(-z*tand(degreelim),z*tand(degreelim),ypts_farfield);
x_deg = atand(x./z);
y_deg = atand(y./z);
[X,Y] = meshgrid(x,y);
fx = X./(lambda*z);
fy = Y./(lambda*z);
E = zeros(ypts_farfield,xpts_farfield);
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for n=1:N/2
E = E + ((exp(1j*(n-0.5)*(2*pi*fx*d+delta_phi)))...
+ exp(-1j*(n-0.5)*(2*pi*fx.*d+delta_phi)));
end
E = h*w*sinc(w.*fx).*sinc(h.*fy).*E;
I = abs(E).^2;
%Plot far field intensity
figure
imagesc(y_deg,x_deg,I.');
if (display_actual_colors)
colormap(color_map);
end
set(gca,'YDir','normal')
% title('far field Intensity (Fraunhofer)');
xlabel('degrees');
ylabel('degrees');
% deflection angle based on point of max intensity:
% [~,max_idx] = max(I(size(I,1)/2,:));
% deflection_angle = abs(atand(x(max_idx)./z))
function y = rect(x)
y = (abs(x)<0.5)+(abs(x)==0.5).*0.5;
end
function color_map = generateColormap(lambda, colormap_res)
%generate a colormap that simulates different intensities of a laser
of a given wavelength
max_illum = 0.9;
min_illum = 0.1;
wl_rgb = wl2rgb(lambda*10^9)./(255/max_illum);
dim_step = (wl_rgb-min_illum.*wl_rgb)./colormap_res;
wl_colormap = zeros(colormap_res,3);
for ii = 1:colormap_res
wl_colormap(colormap_res-ii+1,:) = wl_rgb;
wl_rgb = wl_rgb - dim_step;
end
color_map = wl_colormap;
end
function rgb = wl2rgb(Wavelength)
%
Adapted from Earl F. Glynn's WavelengthToRGB fuction:
Gamma = 0.8;
IntensityMax = 255;
if((Wavelength >= 380) && (Wavelength < 440))
Red = -(Wavelength - 440) / (440 - 380);
Green = 0.0;
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Blue = 1.0;
elseif ((Wavelength >= 440) && (Wavelength < 490))
Red = 0.0;
Green = (Wavelength - 440) / (490 - 440);
Blue = 1.0;
elseif ((Wavelength >= 490) && (Wavelength < 510))
Red = 0.0;
Green = 1.0;
Blue = -(Wavelength - 510) / (510 - 490);
elseif ((Wavelength >= 510) && (Wavelength < 580))
Red = (Wavelength - 510) / (580 - 510);
Green = 1.0;
Blue = 0.0;
elseif ((Wavelength >= 580) && (Wavelength < 645))
Red = 1.0;
Green = -(Wavelength - 645) / (645 - 580);
Blue = 0.0;
elseif ((Wavelength >= 645) && (Wavelength < 781))
Red = 1.0;
Green = 0.0;
Blue = 0.0;
else
Red = 0.0;
Green = 0.0;
Blue = 0.0;
end
% Let the intensity fall off near the vision limits
if((Wavelength >= 380) && (Wavelength < 420))
factor = 0.3 + 0.7 * (Wavelength - 380) / (420 - 380);
elseif ((Wavelength >= 420) && (Wavelength < 701))
factor = 1.0;
elseif ((Wavelength >= 701) && (Wavelength < 781))
factor = 0.3 + 0.7 * (780 - Wavelength) / (780 - 700);
else
factor = 0.0;
end
rgb = zeros(1,3);

end

rgb(1) = IntensityMax*((Red * factor)^Gamma);
rgb(2) = IntensityMax*((Green * factor)^Gamma);
rgb(3) = IntensityMax*((Blue * factor)^Gamma);
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APPENDIX C.

LUMERICAL SCRIPT FOR SIMULATED EO DEFLECTION

This following scripting code was used to generate an optical phased array model in the
Lumerical FDTD module which is reported on in Section 2.4. Note that 1) the ordinary refractive
index was not decreased by 0.04 for the proton exchange material used in this simulation, and 2)
the separation distance in this simulation (“d_sep”) represents the width of the gap in between the
inside edges of the waveguides rather than the distance in between the center of the waveguides as
it is used throughout this thesis.

#find the far field pattern and the deflection
diffracting out of multiple rectangular waveguides

angle

for

light

clear;
pause_before_run = false;
n_wg_pairs = 8; #number of waveguide pairs (half the number of waveguides)
lambda = 640e-9;
lambda_min = lambda - 10e-9;
lambda_max = lambda + 10e-9;
wg_length = lambda*10;
wg_width = 1e-6;
wg_depth = 0.66e-6;
d_sep = 0.5e-6; #separation distance in between wgs
phase_diff = 0; #Difference in phase between the two waveguides
l_freespace = lambda*2; #length of propogating free space
w_freespace
=
(n_wg_pairs*(d_sep+wg_width*2)+10e-6);
#width
of
propogating freespace
d_freespace = wg_depth+2*tan(pi/3)*l_freespace; #depth of propogating
freespace
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ovrlap = 2*lambda; #how far do substrate and waveguides overlap the PML
sub_length = wg_length;
sub_width = w_freespace+2*ovrlap;#d_sep+wg_width*2+wx_freespace*2;
sub_depth = d_freespace+2*ovrlap;
solver_length = w_freespace;
solver_width = sub_length+l_freespace;
solver_depth = d_freespace;
source_length = wg_width+2*d_sep;
source_height = 3e-6;
simulation_time = (d_freespace+wg_length*2)/c;
movie_name
=
"farfield_15lambda_"+num2str(wg_width*1e6)+"wide_"+num2str(d_sep*1e6)+
"sep";
switchtolayout;
deleteall;
#cladding geometry
addrect;
set("x",0);
set("x span",sub_width);
set("y",0);
set("y span",sub_length);
set("z",-sub_depth/2);
set("z span",sub_depth);
set("material","LiNbO3 - Zelmon");
set("name","cladding");
set("color opacity",0.6);
#waveguides geometry
for (n=1:n_wg_pairs) {
addrect;
set("x",(n-0.5)*d_sep+(n-0.5)*wg_width);
set("x span",wg_width);
set("y",0);
set("y span",wg_length);
set("z",-wg_depth/2);
set("z span",wg_depth);
set("material","LiNbO3 PE - Zelmon");
set("name","core"+num2str(n_wg_pairs+n));
copy(-(2*n-1)*wg_width-(2*n-1)*d_sep,0,0);
set("name","core"+num2str(n_wg_pairs-n+1));
#create source
addmode;
set("injection axis","y");
set("x",(n-0.5)*d_sep+(n-0.5)*wg_width);
set("x span",source_length);
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}

set("y",ovrlap/2);
set("z",-wg_depth/2);
set("z span",source_height);
set("wavelength start",lambda_min);
set("wavelength start",lambda_max);
set("mode selection","fundamental mode");
set("set time domain",1);
set("frequency",c/lambda);
set("pulselength",simulation_time);
set("name","source"+num2str(n_wg_pairs+n));
set("phase",(n_wg_pairs-n)*phase_diff/(2*n_wg_pairs-1));
copy(-(2*n-1)*wg_width-(2*n-1)*d_sep,0,0);
set("name","source"+num2str(n_wg_pairs-n+1));
set("phase",(n_wg_pairs-1+n)*phase_diff/(2*n_wg_pairs-1));

#create FDTD solver
addfdtd;
set("dimension",2); #3D
set("x",0);
set("x span",solver_length);
set("y",l_freespace/2+ovrlap);
set("y span",solver_width);
set("z",-wg_depth/2);
set("z span",solver_depth);
set("simulation time",simulation_time);
power_ylocation = sub_length/2+l_freespace;
addpower;
set("monitor type",6); #2D y-normal
set("x",0);
set("x span",w_freespace);
set("y",power_ylocation);
set("z",-wg_depth/2);
set("z span",d_freespace);
set("name","freespace_pmonitor");
if (pause_before_run) {
?"3D model generated. Press space to run simulation, or esc to
abort.";
pause(10000);
}
run;
ff_xres = 2400;
ff_yres = 600;
ffout = farfield3d("freespace_pmonitor",1,ff_xres,ff_yres);
ux = farfieldux("freespace_pmonitor",1,ff_xres,ff_yres);
uy = farfielduy("freespace_pmonitor",1,ff_xres,ff_yres);
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image(ux,uy,ffout,"","",movie_name,"polar");
ff2d = ffout((ff_xres*ff_yres/2-1):ff_xres*ff_yres/2+ff_xres);
max_indx = findpeaks(ff2d);
angles = asin(ux)*180/pi;
plot(angles,ff2d);
max_angle = angles(max_indx)
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APPENDIX D.

D.1

FABRICATING AND TESTING AO/EO DEFLECTORS

Introduction
We present the general procedure used for fabricating and testing the optical devices discussed

throughout this report. For a procedure specific to fabricating devices onto the 100 µm thick z-cut
samples, see Appendix E.

D.2

Waveguide Fabrication Procedure
The waveguide components of the devices described in this report were fabricated using the

proton exchange process. Proton exchange is a relatively easy and rapid method for forming highindex waveguides in Lithium Niobate. By integrating annealing and lithium dilution techniques
into the process, these waveguides can be made to be stable and low loss, with little to no
degradation of the electro-optic coefficient [21, 22, 32].
The procedure for fabricating these devices is illustrated in Figure D-1 and described in the
text that follows.

Figure D-1: Fabrication process diagram for lithium niobate
waveguides
119

A 1.5x2cm cut of lithium niobate substrate is first coated in a 200 nm layer of aluminum using
an E-beam evaporator. A layer of 1:1 S1805:EBR photoresist mixture is then spun onto the
aluminum at 1500 rpm for one minute. The photoresist is softbaked onto the substrate for 4 minutes
at 100°C on a hotplate. 5 The waveguide structures are exposed onto the photoresist using a
Heidelberg µPG 101 maskless pattern generator. After exposure, the device is submerged in a
developer for 30 seconds, and then the substrate is submerged into aluminum etch for 10 to 20
seconds until the aluminum is completely dissolved in the areas in which the photoresist was
removed.
The substrate is left in a proton exchange melt until waveguides are diffused into the substrate.
In our lab we use a small glass capsule to hold the melt. The capsule can be tightly sealed, which
allows for higher temperature melts and thus lower proton exchange times (Figure D-2). The
amount of time in which we a device is left in the melt is based on the diffusion rate which depends
on the temperature and the acidity of the melt. For a melt diluted with 1.5% lithium benzoate and
with the oven set at 250°C, the amount of time required for a one or two mode waveguide is around
5 hours for an x-cut substrate. Z-cut substrates might require closer to 6 hours [18].

a.

b.

Figure D-2: Proton exchange capsule a) with
substrate inside, b) in oven

5
We found this bake time and temperature to work sufficiently well for the specific features of our TMZI devices. However, the specification
sheet for the photoresist recommends softbaking at 115° for 60 seconds [4].
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The substrate is annealed for 45 minutes at 375°. The edge of the substrate that corresponds to
the ends of the waveguides is polished with incrementally fine polishing pads until reaching a
grating of 0.1 µm. At this point, the optical components of the device are tested.

D.3

Waveguide Testing Procedure
A coupling prism is coupled with the device. Through this prism, a polarized 35mW 640 nm

laser beam is sent towards one of the waveguides. The angle at which the light is directed towards
the prism is adjusted until the light is seen to be confined within the waveguide. Figure D-3 shows
the setup used to capture the light into the waveguides. Figure D-4 shows the light being
illuminated through a waveguide.

a.

b.

Figure D-3: Setup used to couple light into the waveguides, a) labeled, b) with shutter
open

Figure D-4: Light streaming
through a slab waveguide
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To test whether sufficient light is transmitted through the waveguide, the following
observations can be made:
For a TMZI device, a sinusoidal interference pattern should be seen at the far field in
accordance with Equation 2-7. Figure D-5 shows what this pattern should approximately look like.
If other patterns or noise are seen in the far field, this may indicate that too much light is lost from
the waveguide and the light being projected from the lossy light overpowers the light diffracting
from the ends of the waveguides. It may also indicate that the edge of the substrate is not
adequately polished.

Figure D-5: Far field interference
pattern (appx. 20 cm from edge of
substrate)
You may also be able to observe light being lost from the waveguides by looking at the
polished edge of the substrate with a microscope. With low-loss waveguides, you should observe
a discrete beam of light only at the edge of the waveguide itself as shown in Figure D-6a. With a
high-loss waveguide you will observe light radiating from the bulk of the substrate as shown in
Figure D-6b.
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a.

b.
Figure D-6: Closeup of edge of a) low-loss
and b) high-loss waveguides

D.4

Electrode Fabrication Procedure
To fabricate the electrodes, a 100 nm layer of Al2O3 is first evaporated onto the device as a

buffer layer to separate the boundary of the waveguide from the aluminum electrodes (we
particularly did this for the z-cut devices). While SiO2 is typically used as this buffer, we found it
very difficult to apply a sufficiently thick layer of SiO2 onto the substrate using the e-beam
evaporation method.
Before evaporating aluminum onto the device, the photolithography procedure from Section
D-2 is repeated to create a photoresist pattern for the electrodes. In this case, the photoresist is
removed from everywhere where the electrodes are to be positioned, and photoresist is left on
everywhere else.
A 200 nm layer of aluminum is then evaporated onto the face of the device over this photoresist
pattern.
Finally, the surface of the device is rubbed with an ultra-soft swab and acetone to remove all
of the aluminum that is evaporated onto the photoresist. Aluminum should remain appended to the
regions where there is no photoresist.
A wire bonding tool is then used to wire the electrodes to an external PCB.
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APPENDIX E.

E.1

FABRICATION/TESTING WITH THIN LITHIUM NIOBATE

Introduction
The use of thin lithium niobate substrates could enhance the potential of leaky-mode deflector

based near-eye holographic displays. For instance, a thin substrate would increase the effectiveness
of electro-optic deflection with z-cut substrates by increasing the proximity of the electrodes on
the top and bottom of the substrate (if using the top-and-bottom electrode architecture—see
Section 3.5.2). It may also allow for the bending of substrates into a curve which could be used to
increase the field of view of the device, among other things.
We describe here a process for fabricating waveguide devices using 100 µm thick lithium
niobate substrates. The major difficulty of not breaking the fragile substrates during fabrication is
addressed, and several devices have been fabricated without any cracking through the following
procedure.

E.2

Materials
The following are the materials specific to working with thin-cut substrates
•

Silicon wafer

•

Low tack gel-film (optional, see Section E.4)

•

Thin, fragile glass slides (to practice with)

•

Plastic tweezers
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•

Vacuum pick-up tool (optional)

•

Mounting wax

E.3

Handling Thin Substrates
Metal tweezers should not be used to handle these substrates, as they will break the substrates.

You may use plastic tweezers; however, you should not apply too much pressure with the tweezers,
lest the lithium niobate break, and you should also not apply too little pressure, lest the substrate
fall from the tweezers, and break. You should get a feel for the right amount of pressure to apply
before using them with the substrates. Practice with thin, fragile glass slides, and then with broken
pieces of thin lithium niobate before handling the real stuff.
A vacuum pick-up tool may be effective as well in handling these substrates. However, we did
not test this in our lab. Furthermore, this may not be as effective when there is photoresist on the
face of the substrate or anything else that may be distorted when put in contact with the suction
head.
Gently and carefully holding the substrate by the edges with your thumb and index finger
works quite well as long as there is nothing on the very edges of the substrate that may be distorted
by the flesh overlapping onto the edges of the face of the substrate from your fingers. You should,
of course, wear gloves while handling the substrate in this manner.
When substrates are not in use, you can store them in a small membrane box.

E.4

Appending and Removing Substrates to and From a Silicon Wafer
One of the most delicate procedures in working with thin substrates is appending them to a

silicon wafer, and later removing them. Since many of the clean-room machines are designed to
hold silicon wafers, it is necessary to append the substrates to these wafers as a base for holding
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the substrates. The two instances in which we have found this to be necessary are in holding
substrates while evaporating aluminum onto them and while spinning photoresist onto a substrate.
This section will explain how this appending and removing process may be done.

E.4.1 Adhesion Methods
The substrates need to be adhered with sufficient strength to the wafer such that they don’t fall
off while being held upside down in the evaporator, or while revolving in the photoresist spinner.
However, this adhesion also needs to be sufficiently weak such that the substrate can be removed
without being broken.
Two solutions could be to use an optical wax that can be melted when adhering and removing,
or to place photoresist between the silicon and the lithium niobate and then bake it until the
photoresist hardens. Both of these solutions allow for easy placement and removal. A drawback of
wax is that it may be difficult to lay the substrate down perfectly flat without touching the surface
of the substrate and contaminating it. A drawback of photoresist is that it will dissolve during
cleaning. Wax will also dissolve in acetone, but not as readily.
If part of the process involves cleaning the substrate while still on the silicon you will need
something that is sticky enough to hold the substrate in place, but not so sticky that you cannot get
the substrate off without cracking it. We used low tack gel to create this adhesion—specifically,
Gel-Pak® X0 PF Gel-Film.
We used the Gel-Film because it is flat and level. This is necessary for spinning an even coat
of photoresist onto the substrate and also for the beam on the Heidelberg machine to remain
focused at all locations on the substrate during exposure. It doesn’t work well to cut gel out of a
Gel-Pak tray, as the gel will likely be thicker on one side than the other, especially near the edges
of the tray.
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The X0, which signifies a low tack gel, is sufficiently strong to hold the substrate in place for
all of our needs. However, it is still somewhat difficult to remove, which sometimes results in the
substrate breaking during the removal process. In the future, we may test the XT tack level, which
signifies an ultra-low tack gel. Assuming it is still strong enough to keep the devices appended to
the silicon during the full process, it would likely be an easier-to-remove alternative to what we
have been using.
The downside of the Gel-Film is that it is very thin and tears easily; the low tack options have
a maximum thickness of just 6.5 mils, or 165 µm. It is possible that there is another supplier that
provides thicker gel films that are still flat and even. It may even be possible to form a thicker layer
of gel on one’s own by using a liquid polymer that can be solidified, such as PDMS.

E.4.2 Gel-Film Adhesion Process
To adhere a substrate onto a silicon wafer using gel-film, first cut out a square of gel that is at
least 2 cm larger than the substrate in each dimension (so for our case about 3 cm by 3.5 cm or
larger).
Next, place the gel-film square (or squares, if you are evaporating aluminum onto several
substrates at once) onto a silicon wafer and press down until the gel is well adhered to the wafer,
and no creases or bubbles exist. If this will be used for photolithography, try to position the
substrate as close to the center of the wafer as possible.
Finally, place the substrate onto the gel square and very lightly press down on the very corners
and edges with something that will not leave organic residue. Looking through from the top of the
substrate, you should see the color darken as air is pushed out from between the substrate and the
gel if it is a bare substrate.
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Figure E-1: Thin LiNbO3 substrate
appended to recycled silicon wafer
You can test the strength of the bond between the substrate and the gel by placing your gloved
hand on a table with the palm up and flipping the wafer upside down close over your palm and
lightly shaking it. The substrate should stay firmly in place.

E.4.3 Gel-Film Removal Process
Extreme care must be taken while removing the substrates from the gel as to not fracture them.
Take your time with this step.
You may choose to first soak the substrate in acetone and to place it in an ultrasonic bath in an
attempt to loosen the bond. This is, of course, not an option if there is a photoresist pattern on the
substrate that would be dissolved in the acetone.
With a pair of tweezers, loosen the excess flabs of gel-film from around the substrate perimeter,
and lightly tug near horizontal at the corners to rotate and try to loosen the bond between the gel
and the wafer. Do not pull vertically or you will break the substrate. If there is no photoresist
patterned onto the substrate, you may periodically spray more acetone beneath these flabs. After
loosening the bond somewhat, grip the gel by the top two corners with your fingers and then gently
tug away from you near horizontal. You may also try pushing the flabs inwards towards the
substrate from both sides.
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The ultimate goal is to loosen the adhesion between the silicon and the gel, or between the gel
and the lithium niobate. As soon as a little bit of adhesion is relieved, this will start to become
much easier. However, even as this first relief does occur, remember to continue slowly pulling
horizontally, and not vertically.

Figure E-2: Loosening the edges of the gel from
the wafer using tweezers
It is advised that one first practice this sensitive procedure with a thin glass slide, or an already
broken piece of thin lithium niobate.

E.5

Photolithography
Before beginning the photolithography process, clean the substrate as you normally would,

with added caution while handling. To insert and remove substrates into and from the test tubes,
hold the test tube at a shallow angle while tapping the edge of the tube to allow the substrate to
slowly inch its way into or out of the tube.
Adhere the substrate to a silicon wafer, as described in Section E.4. Make sure the aluminum
coated side is up. You may need to use the continuity function of a multimeter to identify the side
with aluminum. To do this, gently touch the prongs to an area on the edge of the face of the
substrate that will not house an important feature of the design. To avoid having to do this, you
may also consider placing a small piece of tape over one of the corners of the substrate before
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evaporating aluminum onto it to leave a mark in that corner, and then noting which side of the
substrate that mark should be located when face up.
Spin the usual HMDS and then 1:1 S1805:EBR photoresist onto the substrate at 4000rpm for
1 minute. In the regular procedure the substrates are spun at 3000rpm for 1 minute, but for this
thin substrate method we are finding that we need a little more power to spin the photoresist out
to all edges of the substrate. The reason for this is unknown, though it may be a consequence of
the substrate still not being perfectly level.
Bake the substrate as normal.
With the substrate still appended to the wafer, expose the substrate with the appropriate pattern.
If using the Heidelberg machine, it is important that you ensure that the objective is directly over
the center of the substrate before focusing. The objective emits a red laser which can be used to
discern the position at which it will focus. If the objective is not over the center of the substrate, it
will try to focus onto the wafer and the edge of the objective will crack your substrate.
After exposing, submerge the substrate into developer at usual. This can be done while the
device is still adhered to the wafer. Using a microscope, check to see whether the exposure was
successful. The substrate can also be left onto the wafer while being submerged in the aluminum
etch.
Finally, verify a successful and complete etch in the microscope. If successfully etched,
remove the substrate from the wafer, clean it, and store it in a membrane box.

E.6

Proton Exchange
Before submerging the substrate into the proton exchange melt, place it into a test tube, wrap

the tube in aluminum foil, and place it in the oven for 20-30 minutes at the temperature at which
you will be performing proton exchange. This allows for the substrate to slowly heat up to the
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proton exchange temperature and thus prevents the substrate from cracking under a sudden change
of temperature.
Once the substrate has been heated to the appropriate temperature, continue as normal with the
proton exchange process. For the light to be discernable in the thin substrate, you must use a very
low loss form of proton exchange. We used a modified soft proton exchange in which we diluted
the melt with 3% lithium benzoate and diffused it for 9.3 hours at 275° C in a pressure capsule
(see Appendix F). We found that other diffusion methods, such as annealed proton exchange, were
too lossy.
It is recommended that you place a thick z-cut substrate into the melt at the same time as this
thin substrate. Tests can later be performed on the thick substrate to identify the exact mode angles,
etc. since these parameters are harder to decipher from thin substrates.
After the proton exchange is complete, remove the substrate from the melt and allow it to cool
completely at room temperature before cleaning with acetone. Once again, this is to prevent
cracking under a sudden change of temperature.

E.7

Bonding to a Support Material
For edge emission waveguide devices, the edge of the substrate will probably need to be

polished. To do this, the substrate will need to be bonded to a thicker piece of lithium niobate. The
support material also provides structure during other processes, such as prism coupling, to prevent
the substrate from breaking. Finally, if the adhesive bonding the two materials has a sufficiently
high refractive index, it may diminish internal reflection.
For our EO deflection devices we bonded the thin substrate to a 1 mm thick piece of lithium
niobate using a clear mounting wax. We chose mounting wax as the adhesive material because it
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could be heated and the substrates separated when needed, whereas most glues created a permanent
bond between the substrates.

E.8

Polishing
With the substrate bonded to a firm support, it is ready to be polished. Add photoresist to the

face of the substrate and allow it to harden to protect the face from scratches and hard bake it or
leave it to harden overnight.
Use mounting wax to attach the back of the support to the sample holder of the polishing
machine. Don’t use a clamping sample holder as the pressure of the clamp may crack the thin
substrate.
Carefully polish as usual, however do not use the rough polishing pad, as it will break the thin
substrate.

E.9

Testing and Results
With the substrate bonded to a thicker support, you may couple light into the device as usual,

being careful not to apply too much pressure while clamping down on the prism. In fact, the
independent thin substrate can be carefully coupled with the prism even without the support
material if the minimal amount of clamping pressure is applied.
While searching for the mode, you will likely find that light propagates through the bulk of the
substrate at almost every angle since it is so thin. With all this noisy light, it may be difficult to
differentiate when the light propagates through the waveguide itself. In fact, if the waveguide is
too lossy, the light in the waveguide may be totally drowned out by the lossy light in the substrate.
For this reason, it is recommended that a thick substrate be proton exchanged along with the thin
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device. This way, the angle at which the light is captured into the waveguide can easily be
determined first through the thick substrate, which will capture light at essentially the same angle.
When fabricating a TMZI, there are three ways to verify that light is confined within a structure:
1) the light propagating out of the waveguides from the top surface is separated into two distinct
branches suggesting it is confined to the TMZI structure (the bubbles surrounding it are from the
wax), 2) Two distinct spots can be seen at the edge of the TMZI devices near the top surface,
suggesting a good amount of light is still confined to the waveguides after propagating to the edge,
and 3) an interference pattern can be seen at the far field that is characteristic of a double slit
interference pattern. Examples of all three of these manifestations are found in Figure E.3.

a.

b.

c.

Figure E-3: Photos of the a) top surface, b) edge, and c) far field projection of
an illuminated TMZI device with an 8 µm end waveguide separation distance—
fabricated on a thin z-cut LiNbO3 substrate
Note from Figure E.3c that an increased number of unwanted artifacts is a current setback of
using thin substrates in this configuration.
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E.10

Electrode

As mentioned in Section 3.5.2, the electrode for z-cut devices is to be placed above and below
the substrate. However, a metallic conductor on the bottom of the substrate would likely cause too
much reflection within the substrate which would disturb the regular propagation of light through
the substrate. For this reason, a transparent conducting film such as indium tin oxide (ITO) might
be used as the bottom electrode. This also facilitates fabrication by allowing the entire bottom of
the substrate to be coated with this film (no patterns) with the device remaining transparent for
near-eye applications.

E.11

Conclusion

A procedure for fabricating electro-optic deflection devices on thin substrates is presented here.
Further optimizations may be pursued in the future to increase the quality of waveguides fabricated
in thin film.
We believe that one way in which we may decrease the amount of lossy light in the bulk is by
shifting from prism coupling to fiber coupling. Fiber coupling has a higher coupling efficiency
than prism coupling, which would increase the intensity level of the waveguide mode. It would
also allow for no-contact coupling into the substrate, which would eliminate the risk of breaking
the substrate while clamping down on the prism. Additionally, fiber coupling would enable us to
couple light into smaller waveguides, which, as discussed previously, would increase the
deflection angle of the light.
Finally, we realize that we may be able to prevent light from reflecting directly back up to the
waveguide by roughening the back face of the substrate. The risk of doing this is that it increases
the chance of the substrate being fractured. This was attempted once for one of our fabrication
runs, however the device exhibited strange behavior while we attempted to couple light into it. The
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strange behavior was likely a result of the diffusion conditions, and it may be worth reattempting
this.
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APPENDIX F.

EMPIRICAL LOSS TEST FOR Z-CUT LITIHUM NIOBATE

Abstract: We fabricate twelve lithium niobate channel and slab waveguide devices in diffusion
temperatures that vary from 250°C to 325°C, and lithium benzoate dilutions that vary from 1% to
3%. Losses associated with each of these conditions are measured for both slab waveguides and
channel waveguides. We find that within this range of data, the lowest loss channel waveguides
were those diffused at 250°C and 275°C with a 3% dilution, which exhibited 6dB/cm and 4dB/cm
losses, respectively. The waveguide diluted with a 2% part lithium benzoate and diffused at 300°C
resulted in having the least amount of loss for waveguides in the 1%-2% dilution range at 8dB/cm,
providing a good alternative for if SPE waveguides are to be avoided.

F.1

Introduction
Perhaps the most challenging aspect of fabricating integrated photonics using lithium niobate

is the waveguide diffusion process. Since the discovery of the proton exchange technique in the
early 1980’s, several variations of this technique have emerged. Despite this, there is still no single
universally accepted method for diffusing a well-confined, low-loss, reproducible waveguide in
lithium niobate that preserves its electro-optic properties.
Proton exchange (PE) allows for an extraordinary refractive index increase (δne) of 0.12 at
633nm [18] at the expense of the crystal’s nonlinear properties [51]. Annealed proton exchange
(APE) restores the crystal’s nonlinear properties but lowers the change in refractive index at the
surface and increasingly with depth in the crystal [19] which may increase loss. Nonetheless, early
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studies reported losses in as low as 0.15 dB/cm for channel waveguides in X-cut lithium niobate
[32] which are even lower than the 0.5 dB/cm losses originally reported for waveguides fabricated
in pure benzoic acid [18]. However, both the total loss and the amount in which the nonlinear
properties are restored are inconsistent across various reports. Since annealing can reshape the
crystal structure to one of a variety of forms, the optical properties of APE waveguides become
highly dependent on several factors, including the lithium niobate orientation and the amount of
time the substrate is annealed [19, 24, 33, 51].
By the turn of the century, an alternative method for fabricating lithium niobate waveguides
with preserved nonlinear coefficients had been established. This method, called soft proton
exchange (SPE), is brought about by adding a high dilution (2.6%+) of lithium benzoate 6 to the
benzoic acid melt which is heated to 300°C [20, 24]. Among the drawbacks of this method is a
lower change in refractive index (δne = ~0.03 at the surface and decreases exponentially with
depth), suggesting a weaker confinement. Nonetheless, losses lower than 0.5 dB/cm have been
reported for waveguides fabricated using this method [20, 33].
In 2014, researchers from the University of Nice Sophia Antipolis presented a promising
method in which they claimed they could produce highly confining (δne = 0.1), reproducible
waveguides that preserved the nonlinear coefficient of the crystal [25]. They called it High Index
Soft Proton Exchange (HISoPE). Essentially, this method involves diluting the benzoic acid melt
with a 2-2.4% part of lithium benzoate in a sealed pressure capsule, which is then evacuated down
to a pressure of 3 mbar, and heated to 300°C, at which point the substrate is submerged in this
melt. Their initial experiments yielded slab waveguides with < 1 dB/cm losses. However, a followup study revealed that the loss increased to > 5 dB/cm for channel waveguides fabricated using

6

Earlier studies suggested that the lithium concentration threshold for soft proton exchange was closer to 3.5% [32]
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this method [23]. They concluded that the strains and stresses acting on the waveguides resulting
from this technique were sufficient to deform the channel waveguide thus yielding a strong TMTE polarization coupling.
This review of past efforts to optimize the proton exchange process suggests that finding the
ideal parameters for proton exchange is not a trivial task. The main reason is that the propagation
loss and the nonlinear properties of the diffused waveguides do not depend on the index profile
alone, but also depend on the form and the crystallographic properties of the resulting waveguide
[33]. In an effort to find ideal proton exchange parameters for minimizing loss while maintaining
nonlinear properties, we have executed an experiment to collect empirical data for determining
propagation loss given a range of parameters.
In the experiment, we fabricate twelve lithium niobate channel and slab waveguide devices in
diffusion temperatures that vary from 250°C to 325°C, and lithium benzoate dilutions that vary
from 1% to 3%. Losses associated with each of these conditions are measured for both slab
waveguides and channel waveguides.
The preservation of nonlinear properties is not investigated in this study, nor are the effects of
annealing.

F.2

Methods

F.2.1 Fabrication
Twelve lithium niobate devices were fabricated, each with a different melt condition. Each
device contained two 5µm wide channel waveguides on one side, and a slab waveguide on the flip
side.
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To fabricate the waveguides, the photolithography process was used to etch two 5µm wide
strips off of a 200nm layer of aluminum that coated a 1cm x 1.5cm x 1mm piece of Z-cut lithium
niobate on one side. There was also a tapering region at the beginning of the strips that funneled
the light down to 5µm. As is noted in Section 5.1, a longer strip would have been preferable if time
and circumstances allowed us to prepare them.
Three-hundred grams of benzoic acid was mixed together with the appropriate portion of
lithium benzoate in a glass pressure capsule and left in an oven to melt at 250°C for at least one
hour. Since the pressure inside the capsule was too strong to allow for the capsule to be opened
immediately upon removal from the oven, it was left at room temperature for about five minutes
until the condensation on the sides of the capsule hardened, at which point, the capsule could be
opened with ease. A lithium niobate device was then submerged in the melt, the capsule was again
sealed, and it was placed in the oven which was set to the appropriate temperature.
We left the device in the melt for the amount of time that we thought would equate to a
diffusion depth of 1µm (for consistency, and we also assumed that 1µm would be a sufficient depth
to allow for two modes for each device, as two modes are required to measure the depth and
refractive index.) Since we did not have diffusion coefficient [18] data for the devices we were
working with, we had no way to predict the exact amount of time that would be required to diffuse
a 1µm deep waveguide. We made our best estimate by extrapolating data from existing literature.
This turned out to be an ineffective strategy and led to inconsistent depths from device to device,
as described below in Section 5.3. Note that for the final three devices (3% dilution at 275-325°C)
the amount of time originally planned for was doubled as we realized that some devices were not
being diffused sufficiently deep.
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After the proton exchange, the edge of the device was polished, and the aluminum was etched
off completely. In order to know where the waveguides were located, a crystal pen was used to
make small marks on the back side of the device. A letter was also written on the backside of the
device in order to distinguish it from other devices.

F.2.2 Measurements
Using the back side of the chips which contained the slab waveguide, we measured the index
of refraction and the diffusion depth with a Metricon prism coupling machine. This information is
recorded in Table 1.
To determine the loss, we first used a prism to couple light into both the slab waveguides on
the front of the substrate and the channel waveguide on the back. We then estimated the loss using
two different methods.
The first method involves measuring the amount of light scattering out of the top of the
waveguide as a function of position. Since the light scattering out of the top of the waveguide is
proportional to the amount of light confined in the waveguide at a given point, this is a method for
estimating the proportion of light present in the waveguide at any given point.
To measure the intensity of light scattering out of the waveguide, we used a CCD sensor. We
took pictures of the top of both channel waveguides as light propagated through, as well as the
slab waveguide on the back at multiple locations. We adjusted the following settings on the camera
in an attempt to disable any digital image processing that the camera might automatically perform.
These apply specifically to the Canon Rebel T5 camera.
•

Manual exposure
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•

Image quality: RAW

•

Flash off

•

Auto Lighting Optimizer disabled

•

Picture style: Faithful

We then used an image processing software (RawTherapee) to prepare the image for analysis.
The straighten tool was used to align the waveguide with the horizon. The illuminated waveguide
streak was then cropped out, excluding the region with a waveguide taper and the region with
noisy reflective light near the end of the waveguide. Under Raw/Raw Black Points, the non-red
pixels were filtered out by setting green and blue to 2048 and keeping red at 0. Figure F-1 shows
one of these processed images.

Figure F-1: Processed image of illuminated waveguide
The image was loaded to MATLAB, was set to grayscale, and the average of every column
was taken. The resulting array was then normalized. The arrays corresponding to the two channel
waveguides of the same device were averaged together to average out any spikes or abnormalities
in the data resulting from scratches, dirt, etc. obstructing the light. The arrays corresponding to the
slab waveguides of each device were also averaged together. Remaining noise was smoothed out
with a filtering function, and the array was plotted in a dB scale (see code in Appendix C).
Even after the smoothing and averaging, there was often a fair amount of noise in the data. In
each case we identified a region, usually in the center, that was fairly linear. We held a flat edge
up to the screen and intuitively placed it along the linear trend of that region. We took note of the
coordinates of two points along that line and calculated the slope. A more accurate method would
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have been use linear regression to calculate the slope. However, since this method of measurement
is only intended to find an estimate of the loss, we decided that this ‘eyeballing’ technique was
sufficient.
Figure F-2 shows an example plot representing the magnitude of light in decibels at each given
position for the channel waveguides diffused in a 3% dilution melt at 250°C. The red line signifies
the approximate linear trend of the plot.

Figure F-2: Loss per centimeter plotted from an
image file along with a linear trend line.
As the accuracy of this first method was uncertain, we added some redundancy to our
measurements by also using a second method to measure loss. The second method involved taking
a picture of the back edge of the device using a digital microscope. Doing this, the spot of light
emitting from the end of the waveguide is visible along with lossy light scattering out from the
bulk of the substrate, as seen in the images of Tables F-2 and F-3. By comparing the intensity of
the lossy light with the light emitting from the waveguide, we can gain a qualitative intuition of
the amount of loss exhibited from that waveguide.
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F.3

Results

F.3.1 Refractive Index and Diffusion Coefficients
The following table lists the increase in extraordinary refractive index, diffusion time, and
diffusion depth for each device which were measured using a Metricon prism coupling machine.
The diffusion coefficient was also calculated from this data, as originally defined by Jackel, et al.
[18].
Table F-1: Diffusion Parameters for Various Devices
Temp (°C)

δne

Time (h)

Depth (µm)

250
275
300
325

Lithium
dilution
1%
1%
1%
1%

0.12
0.12
0.11
0.11*

6.0
3.0
1.5
1.0

0.93
0.98
0.70
0.65

Diffusion
coefficient
0.036
0.080
0.082
0.106

250
275
300
325

2%
2%
2%
2%

0.11*
0.11
0.11*
0.11*

9.0
4.5
2.5
1.5

0.48
0.80
0.60
0.50

0.006
0.036
0.036
0.042

250
275
300
325

3%
3%
3%
3%

0.10*†
0.10†
0.10*†
?

10.7
10.4
6.5
3.5

0.65†
0.75†
0.57†
?

0.010†
0.014†
0.012†
?

The indices marked with an asterisk in the third column correspond to waveguides from which
only one mode could be detected. The Metricon can only measure the index of refraction for
devices with more than one mode, so these indices were assumed based on the indices of adjacent
devices, and the depth was calculated based off of these assumed indices. Thus, the depths and
consequently the diffusion coefficients may not be completely accurate for values in rows with
these indices. No information could be extracted from the final device (3% dilution at 325°C) as
the diffusion time was not sufficient for even a single mode to manifest itself. And finally, the
values with a dagger, which correspond to highly diluted melts, may not be accurate because the
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index profile may not be step-like, and the Metricon is only capable of measuring step-like profiles
(see Section F.5.3).

F.3.2 Loss Measurements
The following plots show the estimated loss for the slab waveguides and channel waveguides
using the second loss measurement method described in Section F.2.2.

Figure F-3: Loss associated with slab waveguides
diffused at various temperatures and dilutions
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Figure F-4: Loss associated with 5 µm wide channel
waveguides diffused at various temperatures and
dilutions
F.3.3 Photographs of Device Edges
Tables F-2 and F-3 contains pictures of the edges of the slab waveguides and the channel
waveguides of each illuminated device (except for the last device, from which no waveguide
existed). The light emitting from the waveguide itself is marked with a surrounding circle for the
channel waveguides in Table F-3.
Table F-2: Photos of the Edge of the Various Slab Waveguide Devices,
Illuminated
1%

2%

3%

250°C
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275°C

n/a

300°C

n/a

325°C

n/a

Table F-3: Photos of the Edge of the Various Channel Waveguide
Devices, Illuminated
1%

2%

3%

250°C

146

275°C

300°C

325°C

F.4

Analysis

F.4.1 Loss Measurements
According to our findings found in Figures F-3 and F-4, loss for melts diluted at 1% and 2%
were highest at 250°C and were lower at higher temperatures.
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Just as claimed by Stepanenko et al., HISoPE waveguides diffused at 300°C with a 2% dilution
melt are among the most efficient slab waveguides [25] in the temperature and dilution range we
tested, as seen in Figure F-3. As mentioned before, these researchers also found that the loss
increased substantially for channel waveguides due to deformation [23]. Despite this, we found
that channel waveguides under these conditions still had among the lowest loss per centimeter in
the range of conditions we tested.
It’s possible that channel waveguides diffused at 300°C with a 1% dilution also have a potential
to be very low loss too, which is a reasonable assumption based on the results from the
corresponding slab waveguide and trends of surrounding devices. This would assume that the
abnormalities due to fabrication error (see Section F.6.1) for the specific device used to test these
conditions increased loss for channel waveguides of this device. Whether this is true or not,
waveguides fabricated at 1% still pose the drawback of requiring annealing to restore nonlinear
properties.
The only channel waveguides that were less lossy than the 2% dilution waveguides fabricated
at 300°C were SPE waveguides diffused at 250°C and at 275°C in a 3% dilution melt which
exhibited 6 dB/cm and 4 dB/cm loss respectively. However, we also found that the waveguides
diffused at 300°C in a 3% dilution melt exhibited among the highest loss for channel waveguides,
and the absolute highest loss for slab waveguides. We found this to be especially unusual given
that 300°C was the temperature used by several of the researchers who first introduced SPE [20,
24].
Since SPE has been reported to be a consistent diffusion method [23], we assume that this
particular SPE device was defective (due to impurities in the melt, unknown human error, etc.). It
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is also possible that as far as minimizing loss, SPE is more optimal at lower temperatures—though
it seems unlikely that the referenced researchers would be unaware of such a disparity.
Regardless, we have reason to believe that SPE is a promising method for minimizing loss.
(though more tests will need to be performed to confirm that this is a consistent fact at all
temperatures). Furthermore, we have reason to believe that HISoPE is also among the lower loss
options in this range of conditions, even for channel waveguides.

F.4.2 Pictures of Device Edges
If we were to determine the devices that exhibited the least amount of loss solely based on the
edge photos in Table F-2, we would argue that 3% dilution devices diffused at 250°C and 275°C
as well as 2% dilution devices diffused at 325°C manifest the least amount of loss scattering from
the bulk. The findings that the 3% dilution devices are low loss agree with the results in Figure F3. However, these same results indicate that 2% dilution devices fabricated at 325°C exhibited
among the highest loss, which is in contrast from these edge picture results. This perhaps suggests
there was an error in the measurements taken from light scattering from the top of the substrates.
Or perhaps it suggests that the loss observed scattering from the bulk of the substrate at the edge
is not representative of all of the loss that is accounted for from the first method of measuring loss.
Another observation we make is that if we were to remove the vertical streaks of light, these
edge results would correspond better with the results of the first method. Perhaps these vertical
streaks are not necessarily loss, but some sort of unusual scattering, perhaps due to poorly polished
edges. With this assumption, we can confirm both SPE and also HISoPE results from the original
test, with the added conclusion that HISoPE at 325°C might not be as lossy as the first
measurements suggest.
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F.5

Sources of Error
The methods described in this report were meant to provide rough estimates of the waveguide

losses. The following potential sources of error may have skewed these results to some degree.

F.5.1 Insufficient Measurement Data
The length of the waveguide available for measuring loss was only a fraction of a centimeter.
The waveguide itself was about a centimeter long. The first several millimeters of each waveguide
contained a waveguide taper; this section was excluded from the measurements. While a black
piece of paper was used to cover incoming light scattering forward from the prism and other areas,
there was still some light that seeped through the bottom of the covering, which may also have
skewed the measurements near the beginning of the waveguide. Additionally, light reflecting back
at the polished edge of the waveguide seemed to skew the measurements of end portion of the
waveguide. These conditions typically left only about a quarter of a centimeter of undisturbed
region to be used in the loss measurement. More accurate measurements would have been achieved
by using longer substrates that had more length from which to base the measurements off of.

F.5.2 Dissolving Aluminum
Another source of error we discovered while experimenting with these conditions was that the
aluminum was often dissolved into the melt when working at higher temperatures and with higher
dilution (probably because for higher dilutions substrates needed to be left for longer amounts of
time). With a 2% lithium concentration melt at temperatures 275° and above, small “bubbles”
formed in the aluminum surrounding the waveguides but left the waveguides largely intact. For
higher temperature tests at 3% lithium concentration, the aluminum was almost completely
dissolved.
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a)

b)

c)

d)

Figure F-5: Aluminum face after proton exchange for the
devices exchanged under the following conditions: a) 2% Li,
275 °, b) 2% Li, 300°, c) 3% Li, 275°, and d) 3% Li, 300°
The amount of time the devices were being diffused after the aluminum had become
completely dissolved is unknown. Assuming this amount of time was significant, this may have
resulted in a sort of inverse ridge waveguide profile, which may have increased or decreased the
waveguide loss. In the future, this can be avoided by replacing the aluminum with silicon dioxide.
Another alternative could be to add a layer of titanium below the aluminum to increase adhesion.

F.5.3 Error in Index and Depth Measurements
Since we had no prior knowledge of the diffusion coefficients of the various melts at each
temperature, we could not accurately predict the amount of time that it would take to diffuse a
waveguide of a given depth. This resulted in inconsistent depths across devices.
This may have been a variable in the amount of loss each device had. It certainly had an impact
on our ability to measure the depth and refractive index of these devices. From Table 1 we see that
only five of the devices were diffused deep enough to have two modes and thus measure the depth
and index. Six devices only had one mode which allowed for an estimate of the depth given an
assumed refractive index. With one of the devices, we were unable to detect even a single mode.
If we were to repeat this experiment, we now have the diffusion coefficients, or at least an
estimate of diffusion coefficients for most of the devices, which would allow us to better estimate
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the amount of time needed for a given depth. We would use this information and aim for a slightly
greater depth, as then there would be less risk of there not being enough information to measure
the device parameters.
It should also be noted that the data extracted from the 3% dilution devices may very well be
inaccurate beyond just the problems associated with insufficient depth. While devices fabricated
in 1% and 2% lithium melts have a step-like index profile, SPE devices fabricated in 3% lithium
melts have an exponentially decaying index profile, as illustrated in the index profile formulated
by El Hadi et al., shown in Figure F-6.

Figure F-6: Index profile of a
SPE waveguide whose
fabrication conditions are 3%
LB dilution, 300° C, 70 h (Ref.
[24], Fig. 6a)
This is an issue when taking these measurements as the Metricon prism coupling machine
assumes a step like profile. This is likely the explanation for several discrepancies in Table 3. Most
obvious is the fact that the diffusion coefficients don’t increase with temperature as they would be
expected to, and as they do with every other dilution. The Metricon probably cannot determine an
accurate depth measurement, as there is no boundary in which the index suddenly changes.
The other discrepancy is the fact that the change in extraordinary index for the only 3% diluted
device that was able to be measured was 0.1. This is an accurate measurement according to an
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early study by Suchoski et al [32] which determined that the SPE lithium dilution threshold was
as high as about 3.5%. However, more recent (and probably more accurate) studies have
determined that the SPE threshold is as low as 2.6% [20, 24, 25, 23]in which case, the refractive
index should be about 0.03 at the surface for these 3% dilution waveguides. Again, this is likely a
discrepancy relating to the Metricon’s incompatibility with the index profile of SPE waveguides.
One final potential source of error in these index and depth results resides in the difficulty of
taking measurements of Z-cut lithium niobate waveguides with the Metricon prism coupling
machine. Since the angles in which modes are found for a Z-cut lithium niobate strip tend to be
outside of the range of what the automatic measuring function of the machine covers, the modes
were found by manually searching for these modes outsides of the range. Since this was not the
typical range the machine in its current setup was made for, the position of the laser had to be
constantly readjusted as the manual adjustments were made. When the mode was finally
discovered, it was typically very weak given that the angle was not in a position that the machine
was set up for. Though many of the measurements were taken several times to confirm the findings,
there is a chance that these circumstances led to unidentified modes which would consequentially
have led to inaccurate measurements.

F.5.4 Inconsistent Variables
A major consideration held during these experiments was the consistency of repeated
experiments. While efforts were made to control all variables except for temperature and lithium
percentage, environmental and other conditions altered certain variables in some instances.
For instance, due to photolithography errors, the widths of the channel waveguides did not
always end up being precisely 5µm wide, as designed. The quality of the 5µm wide strip that was
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etched off of the aluminum to expose the crystal to the proton exchange also varied. For example,
in some instances the edges of the strip ended up being rough or bumpy. In other instances,
particles would interfere with the lithography resulting in blotches or discontinuities in the strip.
Finally, mild scratches or other deformities may have introduced additional loss to some devices.
Appendix B lists the specific widths and known conditions of each waveguide device.
Finally, the amount of loss depended in part on how well the laser, prism, and substrate were
aligned, and how well the prism was coupled with the substrate. Since the prism was reset for each
device, this parameter may have skewed some of the results because the prism wasn’t perfectly
straight, etc.

F.5.5 Repeatability Test
To determine the repeatability and accuracy of this process, a second device was fabricated
and diffused at 300° with a 2% lithium concentration. While the first device had a loss of about 8
dB/cm for the light traveling through the channel waveguide, the second device (which possessed
some photolithography deformities) had a loss of around 15 dB/cm which was diffused under the
same circumstances.
This result suggests that there may be some variation outside of the experimental variables,
just as we suspect.
Despite the sources of error described in this Section, the data we collected present informative
trends that can be used in further experiments.
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F.6

Conclusion
The methods described in this report yielded interesting trends which have given us a general

intuition of the diffusion conditions that minimize loss. Specifically, we have found that within
this range of data, the lowest loss channel waveguides were those diffused at 250°C and 275°C
with a 3% dilution, which exhibited 6dB/cm and 4dB/cm losses, respectively. However, the
waveguide diffused at 300°C with a 3% dilution was especially lossy. We attributed this outlier to
impurities in the melt and conclude that waveguides diffused in 3% dilution melts are low-loss,
though further experiments will be necessary to prove this.
The waveguide diluted with a 2% part lithium benzoate and diffused at 300°C resulted in
having the least amount of loss for waveguides in the 1%-2% dilution range at 8dB/cm. This would
be a good alternative for if SPE waveguides are to be avoided for whatever reason.
In every case, the loss increased substantially when transitioning from a slab waveguide to a
5µm wide channel waveguide. Additional loss is expected when confining the lateral width;
however, scholarly reports have claimed that for 2% dilution devices, this loss is amplified by
deformation due to stresses and strains on the waveguide [23]. These reports suggest that these
losses might be mitigated for 2% devices by first diffusing a deep slab waveguide in a 3% dilution
solution. Perhaps by doing this we could fabricate a device that is of an even lower loss than those
presented in this report.

F.7

Supplementary Information

F.7.1 Quality of Waveguides
The following table lists the width and the waveguide conditions for all twelve devices:
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Table F-4: Measured Width and Additional Notes on the Various
Channel Waveguides
Temp
(°C)
250
275
300

Lithium
benzoate
percentage
1%
1%
1%

Channel
waveguide
width (µm)
?
5
10.5

325
250
275
300
325
250

1%
2%
2%
2%
2%
3%

5
6
7
5
5
6.5

275
300
325

3%
3%
3%

?
?
?

Additional Notes
Slight discontinuities near end of waveguide
Small blotches in waveguides
Edges of waveguides are rough. Waveguide taper
slightly skewed
Pretty nice
Waveguide edges become a little rough near end

Waveguide edges are little rough, with small
blotches near end
Proton exchange looked discolored (impure)
Proton exchange looked discolored (impure)

F.7.2 Image Processing Code
Shown below is the MATLAB code that was used to predict loss from a photo of light
scattering from the top of the waveguide:
image_files = {'C:\folders\file1';...
'C:\folders\file2';...
'C:\folders\file3'};
I0 = imread(image_files{1});
%Process the first image
I0 = rgb2gray(I0);
%Convert to grayscale
sum_power = mean(I0);
%Take average of every column of pixels
%Might need to flip I0 here if the image is in the wrong orientation
for img = 2:size(image_files,1) %Process the remaining images
I = imread(image_files{img});
I = rgb2gray(I);
%Might need to flip “I” here if the image is in the wrong orientation
power = mean(I);
if length(sum_power) < length(power)
power = power(1,1:length(sum_power));
else
sum_power = sum_power(1,1:length(power));
end
sum_power = sum_power + power; %Add current image values to sum
end
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avg_power = sum_power./size(image_files,1); %Find average power of all
images
avg_power = avg_power./max(avg_power);
%Normalize values
avg_power_filtered = lowpass(avg_power,0.001); %Filter out noise
pixels_per_cm = 1350;
%Number of pixels in each physical
cm
x = 1:length(avg_power);
x = x./pixels_per_cm;
figure(2);
hold on
plot(x,10*log10(avg_power_filtered));
title('Power loss in waveguide (dB)');
xlabel('Distance (cm)');
ylabel('Normalized power (dB)');
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